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It  is  my  great  pleasure  to  greet  the  parti¬ 
cipants  of  the  15th  Wroclaw  Symposium 
on  Electromagnetic  Compatibility  which 
takes  place  on  the  verge  of  the  new  mil¬ 
lennium. 
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The  coming  age  will  be,  do  we  want  it  or  not,  the  age  of  Information  Society  for 
which  the  converging  telecommunication,  computing,  and  media  are  the  corner¬ 
stones.  Their  proper  and  fast  development  is  a  prerequisite  for  the  society’s  pro¬ 
gress  and  welfare. 

This  development  depends  on  favourable  regulatory  environment  but  to  a  great 
extent  also  on  your  ability  to  solve  the  growing  EMC  problems  stemming  from  the 
convergence  process,  and  from  the  ever-growing  demand  for  new  services  and 
systems. 

I  sincerely  appreciate  your  efforts  to  make  all  the  elements  compatible,  and  I  wish 
you  success  in  finding  the  most  effective  solutions. 


Tomasz  Szyszko 

Minister  of  Posts  and  Telecommunications 
of  the  Republic  of  Poland 
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MESSAGE 


Ladies  and  Gentlemen,  dear  Guest  and  Friends, 

I  have  the  honour  to  welcome  you  cordially  to  the  15th  International  Wroclaw 
Symposium  and  Exhibition  on  Electromagnetic  Compatibility  being  held  in  the 
Jubilee  Year  2000.  As  our  electromagnetic  environment  keeps  growing  and 
becomes  more  complex,  EMC  is  becoming  more  and  more  essential  for  the  whole 
society.  The  future  of  our  technical  civilization  depends  on  the  ability  of  solving 
growing  EMC  problems. 

The  well  reputed  position  of  the  Wroclaw  EMC  Symposium  is  to  a  great  extent  the 
merit  of  numerous  individuals  around  the  world,  and  of  many  international 
organizations  and  associations  of  electrical  and  electronic  engineers  from  many 
countries.  They  are  quoted  in  these  Proceedings,  and  we  extend  our  gratitude  to 
all  of  them.  We  owe  our  reputation  also  to  the  Scientific  Program  Committee  with 
Professor  Frans  Louis  Stumpers,  Member  of  the  Royal  Netherlands  Academy  of 
Arts  and  Sciences,  and  Doctor  Honoris  Causa  of  the  Wroclaw  University  of 
Technology,  who  chaired  it  successfully  for  many  years  and  now  is  the  Honorary 
Chairman,  and  to  Professor  Ryszard  Struzak  -  its  present  Chairman.  Professor 
Struzak  was  the  Chairman  of  the  Wroclaw  EMC  Symposium  in  the  years  1980  - 
1984.  I  would  like  also  to  bring  out  the  role  of  the  Symposium  Council  with  its 
Chairman  Professor  Wladyslaw  Majewski.  The  international  flavour  of  the 
Symposium  has  been  gained  with  the  support  offered  by  the  International  Union 
of  Radio  Science  URSI.  The  auspices  granted  by  the  Committee  of  Electronics 
and  Telecommunications  of  the  Polish  Academy  of  Sciences  add  to  the  scientific 
atmosphere  of  the  event. 

The  Symposium  would  not  be  possible  without  the  authors  of  the  papers 
presented  here  who  always  play  the  most  important  role  in  such  events,  and  I 
should  specially  mention  the  eminent  specialists  who  have  organized  and  chair 


the  invited  sessions.  Thank  them  all  very  much  indeed  for  their  contribution  to  the 
success  of  the  Symposium. 

The  Symposium  owes  very  much  to  the  eminent  patronage  of  Mr.  Tomasz 
Szyszko,  the  Minister  of  Posts  and  Telecommunications  of  the  Republic  of 
Poland,  and  his  kind  personal  support.  From  the  very  beginning  the  Symposium 
has  enjoyed  the  patronage  of  the  consecutive  Ministers  of  Posts  and 
Telecommunications,  and  this  tradition  is  most  valuable  for  us. 

We  are  very  grateful  to  our  sponsors  who  are  quoted  in  these  Proceedings.  Their 
financial  support  helped  greatly  to  organize  the  Symposium. 

The  objective  of  the  Symposium  is  to  bring  together  engineers  and  scientists  who 
are  interested  in  a  better  understanding  of  electromagnetic  phenomena,  and  their 
influences  on  technical  and  biological  systems.  Our  purpose  in  doing  so  is  to 
become  better  mutually  informed  about  our  current  work,  to  appraise  the  status  of 
the  field,  to  stimulate  the  future  work,  and,  of  course,  to  become  better  acquainted 
with  each  other. 

It  is  up  to  you  to  decide  to  what  extent  this  event  and  the  information  presented, 
will  contribute  to  those  aims. 

Most  of  the  preparation  work  we  owe,  traditionally,  to  Mr.  Wladyslaw  Moron,  the 
Organizing  Chairman,  and  to  all  the  members  of  the  Organizing  Committee.  Their 
endless  efforts  to  make  the  Symposium  a  scientific  and  organizational  successes, 
are  appreciated. 

I  hope  that  the  15th  Wroclaw  EMC  Symposium  will  mark  a  new  important  step  in 
promoting  the  development  of  EMC  technology.  I  wish  all  the  participants  fruitful 
discussions  and  pleasant  stay  in  beautiful  Wroclaw. 


Prof.  Daniel  J6zef  Bern 
Symposium  Chairman 


Welcome  to  EMC  Wroclaw  2000 

Almost  thirty  years  ago,  a  few  enthusiasts  from  the  Wroclaw  University  of 
Technology  and  from  the  National  Institute  of  Telecommunications  (Wroclaw 
Branch)  decided  to  organize  a  conference  on  electromagnetic  compatibility 
(EMC),  and  the  Wroclaw  Symposium  on  EMC  was  born  in  1972. 

At  that  time,  the  concept  of  electromagnetic  compatibility  was  already  established 
in  the  United  States,  and  EMC  conferences  were  regularly  being  held  there,  but  in 
Europe,  divided  by  the  cold-war  iron  curtain,  there  was  no  such  event  organized 
on  a  regular  basis.  Starting,  we  did  not  know  whether  we  would  have  any  support 
but  the  idea  found  wide  appreciation,  creating  an  international  fraternity  interested 
in  the  development  of  art  and  science  of  EMC. 

At  the  beginning,  the  majority  of  participants  came  from  Central  and  Eastern 
Europe,  and  the  symposium  proceedings  were  a  chronicle  of  major  achievements 
in  EMC  field  in  that  region,  but  that  pattern  has  changed  with  time.  Every  two 
years,  Wroclaw  has  been  gathering  a  number  of  individuals  from  around  the  world 
involved  in  research  of  electromagnetic  interactions  among  natural  and  man¬ 
made  systems.  Thus,  the  Wroclaw  Symposium  proved  to  be  the  oldest  regular 
European  Conference  in  its  field,  with  the  Proceedings  totalling  more  than  lO'OOO 
pages  published  until  now. 

During  these  years,  we  always  tried  to  bring  together  individuals  interested  in 
various  aspects  of  EMC,  theory  and  practical  applications,  to  enable  their 
interaction,  in  the  belief  that  new  bright  ideas  often  sparkle  on  the  borders  of 
different  fields  of  activity. 

As  a  result,  Wroclaw  became  a  meeting  place  of  people  involved  in  research  of 
earth  natural  electromagnetic  (EM)  phenomena:  people  working  in  spectrum 


engineering,  management  and  monitoring;  radioastronomers  fighting  for  a  clear 
spectrum  for  their  observations  people  involved  in  the  EMC  measurements; 
people  working  in  radio  wave  propagation  and  antenna  theory;  people  involved  in 
technical  side  of  research  of  biological  hazards  of  EM  radiation;  and  people 
interested  in  counteracting  the  EM  terrorism.  Looking  at  the  continuing  interest 
evidenced  by  a  wide  participation,  we  believe  that  this  approach  has  been 
welcomed  by  all. 

The  International  Wroclaw  Symposium  on  Electromagnetic  Compatibility  is  a 
cooperative  not-for-profit  project  that  would  not  be  possible  without  the  support  of 
numerous  individuals  and  organizations.  Having  the  privilege  to  be  among  the 
symposium  founders,  we  would  like  to  take  this  opportunity  to  express  our  deep 
gratitude  to  all  of  them. 

Three  persons  deserve  special  tribute  here.  The  late  Professor  Wilhelm 
Rotkiewicz  created  in  fifties  the  Wroclaw  Branch  of  the  National  Institute  of 
Telecommunications  that  become  later  the  national  centre  of  EMC  research  and 
organisational  base  for  the  symposium.  The  late  Professor  Jan  Holownia,  first 
chairman  of  this  symposium,  was  the  main  initiator  of  the  symposium  concept. 
Professor  Frans  Louis  Stumpers  played,  as  a  Program  Chairman,  a  crucial  role  in 
coordination  with  EMC  initiatives  in  Western  Europe  and  with  the  International 
Union  of  Radio  Science  (URSI),  where  he  served  as  President  and  then  Honorary 
President. 

The  years  that  have  passed  since  the  origination  of  the  symposium  witnessed 
many  changes.  About  fifteen  generations  of  electronic  technologies  appeared, 
according  to  the  Moore's  Law.  Thirty  generations  of  engineers/scientists  left 
universities  to  start  professional  careers.  The  iron  curtain  has  disappeared  and 
European  Union  was  born.  The  old  millennium  comes  to  the  end,  and  the  new 
millennium  opens  a  new  era  marked  by  concepts  of  Global  Information  Society. 
All  that  reminds  us  that  it  is  a  time  of  change,  and  a  time  for  change. 


W.  Morofi 

Organizing  Chairman 


Prof.  R.  Struzak 
Program  Chairman 
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The  ability  to  design  and  achieve  electromagnetic 
compatibility  is  becoming  more  challenging  with  the 
rapid  development  of  new  electronic  products  and 
technologies.  This  paper  reviews  the  definition  and 
status  of  EMC  today,  discusses  the  near  term  trends  that 
have  appeared,  and  proposes  strategies  to  solve  the 
EMC  problems  of  the  future. 


1.  INTRODUCTION 

This  paper  addresses  four  questions  of  importance 
today  and  in  the  future  with  respect  to  the  problem  of 
Electromagnetic  Compatibility  (EMC)  of  electronic 
systems: 

-  What  is  EMC? 

What  is  the  status  of  EMC  today? 

What  are  the  EMC  problems  of  the  (near) 
future? 

What  is  our  strategy  to  solve  these  EMC 
problems? 

As  the  author  is  the  Chairman  of  the  International 
Electrotechnical  Commission  (IEC)  advisory  committee 
on  electromagnetic  compatibility  (ACEC),  most  of  this 
paper  will  focus  on  the  activities  of  the  IEC.  The  IEC 
has  been  very  active  in  developing  new  and  improved 
EMC  standards  over  the  past  10  years. 


2.  WHAT  IS  ELECTROMAGNETIC 
COMPATIBILITY  (EMC)? 

As  most  workers  in  the  field  understand, 
electromagnetic  compatibility  describes  a  state  when  the 
electromagnetic  environments  produced  by  natural 
phenomena  and  other  electrical  and  electronic  devices 
do  not  cause  interference  in  electronic  equipment  and 
systems.  Of  course  to  reach  this  state,  it  is  necessary  to 
reduce  the  emissions  from  sources  that  are  controllable, 
to  increase  the  immunity  of  equipment  that  may  be 


affected,  or  to  do  both. 

It  is  important  to  understand  that  EMC  as  defined 
does  not  absolutely  prevent  interference  from  occurring. 
Rather,  it  is  recognized  that  emissions  from  various 
sources  are  variable  (e.g.  lightning  impulses  on  power 
lines  vary  with  the  level  of  lightning  current  and  its 
distance  from  a  home  or  office).  In  addition,  the 
immunity  of  a  particular  piece  of  equipment  can  vary 
(e.g.  induced  voltages  on  a  circuit  board  are  strong 
functions  of  the  angle  of  incidence  and  polarization  of 
the  incident  EM  field).  This  variability  results  in  a 
situation  where  a  balance  is  found  between  immunity 
and  emissions  for  a  particular  type  of  disturbance  to 
prevent  problems  in  a  large  percentage  (but  not  all)  of 
the  cases  of  interest.  To  try  to  eliminate  all  problems 
(by  decreasing  emissions  and  increasing  immunity 
further)  could  create  a  high  cost  to  industry  and  could 
prevent  new  technologies  from  emerging. 

For  example  a  restriction  to  lower  the  transmitting 
power  of  cell  phones  so  that  consumers  could  lay  their 
cell  phones  on  top  of  any  piece  of  electronic  equipment 
could  compromise  the  performance  and  economic 
viability  of  cell  phone  systems.  On  the  other  hand,  a 
requirement  that  all  commercial  electronic  equipment 
perform  without  malfunction  at  levels  of  50  V/m,  would 
place  a  financial  burden  on  a  large  range  of  equipment. 
A  good  compromise  is  to  warn  consumers  of  reasonable 
restrictions,  although  special  actions  may  be  necessary 
when  malfunctions  could  cause  a  threat  to  human 
safety. 


3.  WHAT  IS  THE  STATUS  OF  EMC  TODAY? 

3.1.  Overview 

The  focus  of  today's  work  in  EMC  is  clearly  on 
standardization  —  especially  in  international 
organizations.  The  requirements  of  the  World  Trade 
Organization  and  the  desire  to  reduce  worldwide  trade 
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barriers  have  resulted  in  a  strong  emphasis  on 
international  standards.  Of  course  it  is  clear  that 
regional  developments,  such  as  the  European  Directive 
on  EMC,  has  had  a  strong  influence  on  the  pace  of 
work. 

In  terms  of  the  international  standards  bodies,  the 
majority  of  the  EMC  standardization  work  is  occurring 
in  the  International  Electrotechnical  Commission  (IEC), 
while  significant  segments  of  work  are  also  occurring  in 
the  International  Standards  Organization  (ISO),  and  the 
International  Telecommunications  Union  (ITU). 

The  IEC  and  its  two  principal  horizontal  EMC 
committees,  CISPR  and  TC  77,  have  developed,  and  are 
continuing  to  develop,  a  significant  range  of  basic  EMC 
standards  that  define  the  measurement  and  test  methods 
necessary  for  repeatable  standards.  In  the  area  of 
emissions,  CISPR  and  SC  77A  are  also  developing 
emission  limits  for  high-frequency  electromagnetic 
fields  and  low-frequency  power  line  disturbances, 
respectively.  Within  the  IEC,  ACEC  coordinates  the 
EMC  work  and  also  coordinates  with  other  standards 
bodies  to  reduce  duplication  in  the  marketplace. 

The  ISO  and  the  ITU  are  working  in  their  respective 
areas  to  develop  standards  dealing  mainly  with  moving 
vehicles  and  communication  systems,  respectively.  In 
particular,  the  ISO  is  actively  working  with  automotive, 
aircraft  and  space  EMC  standards.  ITU  deals  with  the 
EMC  aspects  of  emerging  telecommunications 
equipment  including  both  radio  and  "wired" 
technologies.  Both  organizations  are  coordinating  their 
work  with  the  IEC  in  the  hopes  of  minimizing  the 
number  of  basic  EMC  standards  that  are  developed  so 
that  industry  will  not  be  required  to  test  and  certify  their 
equipment  to  conflicting  standards. 

One  important  aspect  of  the  development  of 
international  standards  is  that  they  are  voluntary  in 
nature,  although  they  may  be  applied  in  commercial 
contracts  or  by  regional  standards  organizations  in  a 
mandatory  fashion. 

3.2.  The  IEC  EMC  Approach 

As  alluded  to  above,  the  IEC  has  focused  its  EMC 
standardization  work  into  four  main  categories.  These 
include  the  development  of: 

emission  limits  for  all  products; 

basic  EMC  standards  that  include  test  and 

measurement  methods  for  emissions  and 

immunity; 

generic  EMC  standards  that  specify  a  set  of 
"essential"  disturbances,  test  methods  and  test 
levels  appropriate  for  an  environment  class 
(e.g.  residential)  for  both  emissions  and 
immunity;  and 

product  EMC  standards  that  are  tailored  either 


to  a  class  of  equipment  in  a  product  family 
standard  or  to  a  specific  type  of  equipment  in  a 
product  standard  (these  standards  usually 
include  both  emissions  and  immunity  clauses). 

Within  the  IEC,  the  EMC  work  is  coordinated  in  the 
Advisory  Committee  on  Electromagnetic  Compatibility 
(ACEC).  In  addition,  IEC  Guide  107  [1],  which  has 
been  developed  by  ACEC,  provides  guidance  to  IEC 
committees  on  how  to  properly  develop  EMC  standards 
and  reports.  To  accomplish  its  work,  ACEC  meets  two 
to  three  times  a  year  to  consider  new  developments  in 
EMC  standardization  within  and  outside  of  the  IEC. 
The  committee  consists  of  technical  experts  in  the  field 
of  EMC  and  representatives  of  the  major  participants  in 
the  development  of  basic  and  product  EMC  standards. 
ACEC  provides  its  recommendations  to  the  IEC 
Committee  of  Action  for  their  consideration  after  every 
meeting. 

3.3.  Status  of  Important  EMC  Issues 

One  of  the  major  problems  today  within  the 
standardization  process  is  the  translation  of  emission 
limits  and  basic  standards  into  product  standards. 
Although  considerable  effort  has  been  made  to  establish 
high-frequency  emission  limits  by  CISPR,  there  have 
been  several  cases  in  product  standards  were  the  limits 
were  ignored  or  improperly  applied.  Unfortunately 
these  errors  are  not  always  found  until  after  a  product 
standard  is  published,  and  it  may  take  years  to  correct 
the  error.  ACEC  is  developing  a  new  procedure  to 
solve  this  problem  by  tracking  the  development  of 
product  standards  to  try  to  improve  the  accuracy  of 
EMC  clauses. 

A  relatively  new  area  of  concern  involves  the 
generation  of  power  frequency  harmonics  by  electronic 
equipment.  Due  to  the  large  number  of  new  electronic 
equipment  with  switched-mode  power  supplies,  these 
harmonics  can  be  significant  enough  to  propagate 
within  the  power  network  and  cause  interference  to 
other  consumer-owned  equipment.  Work  is  ongoing  to 
develop  standards  that  balance  the  needs  of  electronic 
manufacturers  and  the  power  utilities;  however, 
progress  has  been  slow. 

Another  area  of  concern  involves  the  need  to 
develop  basic  test  methods  that  are  applicable  to  test 
frequencies  above  1  GHz.  This  is  a  real  concern  due  to 
the  development  of  more  and  more  commercial 
products  operating  at  higher  frequencies.  New  test 
methods  such  as  the  reverberation  chamber  have 
advantages  at  higher  frequencies  in  terms  of  better 
coverage  of  angles  of  incidence  and  polarization  while 
reducing  test  time.  The  IEC  is  working  to  develop  a 
basic  standard,  61000-4-21  [2],  that  will  provide  an 
option  to  those  interested  in  an  alternative  test  method. 
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4.  WHAT  ARE  THE  EMC  PROBLEMS  OF  THE 
(NEAR)  FUTURE? 

Several  important  trends  in  technology  are  underway 
today  that  are  likely  to  continue  in  the  future.  The  most 
obvious  is  the  increase  in  the  density  of  microprocessors 
in  homes,  businesses,  factories  and  vehicles.  For  the 
sake  of  clarity,  this  discussion  will  be  separated  into  two 
parts  —  fixed  and  mobile  microprocessors. 

In  the  area  of  fixed  microprocessors,  it  is  clear  that 
many  of  our  electrical  appliances  are  becoming  "smart" 
with  the  addition  of  microprocessors.  It  is  now  possible 
to  buy  a  refrigerator  that  has  a  built  in  computer.  There 
are  plans  to  develop  this  appliance  to  the  point  that  it 
will  know  when  the  last  bottle  of  mustard  has  been 
used,  and  it  will  order  a  replacement  for  you  through  the 
Internet.  Although  this  may  not  seem  to  be  a  problem, 
if  one  considers  that  EMC  is  based,  in  part,  on  physical 
distances  between  emitters  and  "victims",  the  fact  that 
there  will  be  many  more  emitters  and  "victims"  in  the 
same  space,  raises  a  concern.  Will  the  consumer  know 
that  separating  installed  equipment  can  reduce 
interference  problems? 

Although  the  problem  of  fixed  microprocessors  may 
be  solvable,  what  happens  when  a  large  number  of 
mobile  transmitters  are  introduced  into  a  fixed  space? 
Of  course  there  is  the  cell  phone  which  will  continue  to 
develop  as  it  passes  from  one  generation  to  the  next. 
However,  there  is  now  the  possibility  of  a  new  set  of 
transmitters  that  could  be  placed  in  nearly  every  piece 
of  electronics  —  Bluetooth  technology.  Bluetooth  is  a 
specification  for  a  frequency-hopping  radio  technology 
that  uses  the  unregulated  2.4  GHz  ISM  band  to 
communicate  automatically  between  electronic  devices 
within  a  range  of  approximately  30  meters.  The 
operational  specification  for  Bluetooth  has  now  been 
accepted  by  over  1200  companies  worldwide,  and  it  is 
projected  that  400  million  devices  will  be  using 
Bluetooth  by  2004  [3].  While  it  is  apparent  that  devices 
designed  to  use  Bluetooth  should  work  properly  when 
exposed  to  the  incident  radio  signal,  it  is  unclear 
whether  other  devices  not  designed  for  Bluetooth  will 
operate  without  interference. 

Another  aspect  of  future  problems  is  the  continual 
increase  in  the  frequency  of  operation  of  new  products. 
While  cell  phone  technology  has  extended  above  1  GHz 
and  Bluetooth  will  operate  at  2.4  GHz,  there  are  other 
products  involving  satellite  communication  near 
10  GHz  and  automobile  radars  operating  above  40  GHz. 
While  new  frequencies  in  themselves  are  not  necessarily 
a  concern,  one  particular  aspect  of  this  increase  could  be 
a  problem.  In  particular,  higher  frequencies  have 
smaller  wavelengths  and  are  able  to  penetrate 
equipment  enclosure  seams  and  apertures  more  easily 
than  lower  frequencies.  For  instance,  the  wavelength  of 
100  MHz  is  3  meters,  1  GHz  is  30  cm  and  10  GHz  is  3 
cm.  For  a  2-cm  long  seam  1-mm  wide  in  a  metal 


enclosure,  the  attenuation  of  each  these  fields  3  cm 
behind  the  aperture  is  79,  59,  and  39  dB,  respectively. 
In  addition  to  this  increase  in  the  disturbing 
environment  with  increasing  frequency,  the 
development  of  new  microprocessors  operating  at  clock 
speeds  of  1  GHz  today  allows  the  possibility  of  more 
direct  interference  in  the  operation  of  electronic  systems 
from  both  an  immunity  and  an  emissions  point  of  view. 

The  EMC  standardization  process  has  been  very 
good  in  producing  test  methods  to  evaluate  the 
acceptability  of  equipment  and  small  systems  built  by 
manufacturers.  On  the  other  hand,  it  has  been  difficult 
to  develop  standard  methods  to  evaluate  the  immunity 
of  large  equipment  or  systems  that  are  installed  together 
for  the  first  time.  Size  is  a  very  important  factor  since 
test  facilities  are  expensive  to  build,  and  immunity 
testing  in  the  open  field  requires  large  test  generators 
and  produces  "threats"  to  other  equipment  that  are  not 
under  test.  Even  in  the  case  of  emissions  testing,  it  can 
be  difficult  to  establish  the  level  of  emissions  from  a 
particular  piece  of  equipment  after  it  has  been  installed 
in  an  operating  factory. 

Another  new  area  of  concern  deals  with  safety 
aspects  of  electromagnetic  fields;  there  are  at  least  two 
areas  in  which  this  applies.  The  first  is  the  so-called 
area  of  EMF  (a  very  poor  acronym  for  electromagnetic 
fields,  which  in  this  case  implies  the  concern  of  EM 
fields  on  the  health  of  humans).  Most  recently,  EMF 
activities  at  ICNIRP  (International  Commission  on  Non- 
Ionizing  Radiation  Policy)  and  the  WHO  (World  Health 
Organization)  have  resulted  in  an  initiative  in  the  IEC  to 
support  those  organizations  by  developing  measurement 
standards.  Mr.  Goldberg  was  the  chairman  of  these  IEC 
coordination  activities  and  will  review  this  work  in  this 
conference  and  proceedings  [4],  A  second  related  area 
of  interest  is  the  possibility  of  electromagnetic 
disturbances  causing  electronic  systems  to  malfunction 
and  cause  a  safety  risk  (for  example  a  cell  phone  in  a 
factory  causing  an  industrial  robot  to  injure  a  worker). 
Again  the  IEC  is  active  in  this  area,  and  Mr.  Goldberg 
also  treats  this  subject  in  his  paper  [4], 

In  terms  of  the  "structural"  aspects  of  EMC 
standardization,  several  issues  warrant  mention.  In  the 
EMC  standardization  process,  as  noted  earlier  in  this 
paper,  the  balancing  of  the  work  to  obtain  EMC 
between  the  emitters  (by  reducing  the  emission  limits) 
and  the  potential  victims  (by  increasing  the  immunity 
levels),  is  a  continual  problem.  This  process  has  been 
made  more  difficult  due  to  the  rapid  change  of 
technology  and  the  very  short  time  from  product 
concept,  to  development,  to  production,  and  to  the  end 
of  the  product  lifetime.  This  results  in  a  very  short 
period  of  time  for  EMC  standardization  bodies  to 
evaluate  the  impact  of  new  technologies  in  order  to 
maintain  EMC.  When  product  cycles  become  shorter 
than  the  time  required  to  develop  a  standard,  a  problem 
may  occur.  In  addition,  when  companies  developing 
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new  electronic  products  and  technologies  do  not 
participate  in  the  standardization  process,  there  is  an 
increased  likelihood  of  EMC  conflict. 

Finally,  there  are  structural  problems  in  the 
standardization  process  itself  that  are  likely  to  create 
difficulties  in  the  near  future.  First  there  is  the  problem 
of  the  availability  of  EMC  experts  in  all  areas  from 
product  development  to  standardization.  Those 
involved  in  the  discipline  of  electromagnetics  know  that 
fewer  engineers  are  graduating  with  these  credentials. 
The  competition  and  rewards  in  industry  are  for 
computer  programmers  and  Internet  experts.  Many  who 
have  worked  in  the  field  are  nearing  retirement,  and 
some  do  not  have  the  support  of  their  management  to 
work  in  the  standardization  field.  The  second  problem 
lies  with  the  standardization  bodies  themselves.  With 
the  digital  revolution,  everyone  wants  a  digital  copy  of 
the  latest  standard.  Because  of  financial  considerations, 
the  IEC  and  their  national  committees  need  the  funds 
from  the  sale  of  standards  to  keep  their  organizations 
operating.  The  alternative  is  to  charge  the  national 
committees  a  higher  annual  fee  for  the  operation,  but 
there  is  significant  resistance  to  this  idea.  In  fact  in  the 
United  States,  reviewers  of  standards  were  recently 
asked  to  pay  an  annual  fee  to  participate  in  the  USNC; 
this  resulted  in  a  loss  of  participants  who  were 
volunteering  their  personal  time  to  review  EMC 
standards  that  are  under  development. 


5.  WHAT  IS  OUR  STRATEGY  TO  SOLVE  THESE 
EMC  PROBLEMS? 

One  major  strategy  to  solve  the  EMC  problems  of 
the  future  is  to  continue  and  even  expand  the  focus  of 
EMC  standards  within  the  IEC.  This  effort  should 
involve  even  closer  cooperation  with  the  ISO  and  the 
ITU  in  order  to  utilize  limited  EMC  expert  resources  in 
the  most  efficient  manner.  The  major  effort  should  be 
to  develop  a  single  set  of  emission  and  basic  EMC  test 
standards  that  can  be  used  by  manufacturers.  In 
addition,  the  application  of  the  IEC  Guide  107  within 
the  ISO  and  ITU  would  improve  the  consistency  of 
EMC  standards  in  all  three  organizations. 

A  second  strategy  is  for  EMC  engineers  and 
scientists  to  evaluate  emerging  technologies  that  may 
have  EMC  impacts.  This  includes  the  review  of  popular 
and  scientific  literature  as  new  ideas  are  formulated. 
When  necessary,  review  groups  such  as  ACEC  in  the 
IEC  or  other  standardization  bodies  should  organize 
meetings  or  seminars  to  learn  of  potential  conflicts  of 
operation.  Also  companies  involved  in  the  development 
of  new  technologies  should  be  encouraged  to  contact 
standards  bodies  for  advice  on  how  to  minimize 
interference  to  other  systems. 

Another  area  for  active  work  is  the  development  of 
standardized  test  methods  for  higher  frequency 


disturbances  (above  1  GHz).  Work  should  proceed 
rapidly  to  fully  develop  the  reverberation  test  method, 
the  TEM  test  cell  method  and  ancillary  standards  for 
sensor  calibrations.  The  current  work  in  the  IEC  needs 
to  be  accelerated  to  respond  to  the  rapid  development  in 
new  products. 

More  attention  should  be  focused  on  the  complex 
functional  problems  caused  by  EM  disturbances  that 
may  lead  to  a  loss  of  safe  operation.  While  this  may 
appear  to  be  a  classical  safety  problem,  the  ability  of 
electromagnetic  fields  to  interact  in  a  complex  way, 
with  systems  that  are  exchanging  electronic  data  in  real 
time,  requires  the  attention  of  EMC  experts.  One  of  the 
difficulties  is  that  the  points  of  entry  of  an  EM 
disturbance  may  be  widely  distributed  throughout  a 
system.  For  this  reason  a  classical  approach  of 
shielding  external  influences  and  a  reliance  on  a  strong 
EMC  test  program  are  necessary.  Mr.  Goldberg  is  the 
working  group  convenor  on  the  IEC  draft  specification 
61000-1-2  [5]  that  addresses  many  of  these  issues. 

With  regard  to  the  problem  of  testing  large  systems 
and  pieces  of  equipment,  the  IEC  and  other  standards 
organizations  need  to  expend  more  resources  to  develop 
standardized  procedures  for  the  future.  There  has  been 
some  effort  in  this  direction  by  those  working  with 
testing  to  the  high-altitude  electromagnetic  pulse 
(HEMP)  environment.  Because  many  military  systems 
in  the  past  were  often  very  large,  big  TEM  and  radiating 
simulators  were  built  (see  the  draft  IEC  61000-4-32  [6] 
for  examples).  Many  of  these  simulators  throughout  the 
world  are  available  for  testing  objects  that  are 
transportable.  Also  many  of  these  simulators  can  be 
adapted  to  other  waveforms  and  frequencies.  Another 
option  used  by  the  HEMP  community  is  to  illuminate 
systems  with  low-level  swept  CW  signals  in  order  to 
measure  transfer  functions  to  potentially  vulnerable 
points  within  a  system.  These  types  of  testing  options 
are  described  in  IEC  61000-4-23  [7], 

Another  strategy  is  needed  with  regard  to  the 
translation  of  emission  limits  and  basic  EMC  test 
standards  into  product  EMC  standards.  One  approach 
being  planned  within  the  IEC  is  to  organize  a  group  of 
reviewers  to  check  the  consistency  of  all  product 
standards  with  regard  to  their  treatment  of  EMC.  The 
objective  is  to  find  problems  at  an  early  stage  in  the 
document  development  so  that  improvements  can  be 
made  without  slowing  down  the  development  of  the 
standards.  Another  proposal  is  to  develop  additional 
generic  standards  that  will  minimize  the  need  for 
product  committees  to  translate  the  EMC  basic 
standards  to  specific  applications.  This  approach  could 
be  successful  if  the  product  committees  feel  that  the 
generic  standard  environments  are  appropriate  for  their 
equipment. 

While  most  of  the  standardization  effort  in  the  IEC 
and  other  standard  organizations  is  focused  on  test 
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methods,  substantial  gains  could  be  made  if  more  effort 
was  applied  to  EM  protection  methods.  Proper  EM 
shielding  and  cable  filtering  could  go  a  long  way  to 
solving  many  EMI  problems.  One  strategy  would  be  to 
develop  a  general  set  of  EM  protection  guides  and  a 
second  set  that  is  tailored  to  specific  types  of  equipment. 
Of  course  one  difficulty  is  that  this  approach  would 
require  significant  effort  by  EMC  experts  who  are 
already  in  short  supply,  especially  in  the  standardization 
arena. 

Another  strategy  for  advancing  understanding  of  this 
problem  is  through  technical  and  standards  workshops 
and  seminars.  The  IEEE  EMC  society  is  very  active  in 
this  area  and  has  done  an  excellent  job  in  educating  its 
membership  with  regard  to  the  complexity  of  EMC 
compliance.  The  IEC  has  recently  initiated  a  series  of 
workshops  aimed  at  educating  industry  regarding  the 
status  and  plans  of  EMC  standardization  within  the  IEC. 
It  is  hoped  that  these  workshops  will  continue  in  the 
future.  Also  universities  should  be  encouraged  to  offer 
courses  in  the  EMC  discipline,  to  include  instructors 
from  industry. 

Another  strategy  of  importance  is  to  educate  industry 
of  the  importance  of  participating  in  the  development  of 
international  standards.  It  is  clear  that  international 
trade  is  here  to  stay  and  will  continue  to  expand  in  the 
future.  Companies  that  are  able  to  help  develop  new 
EMC  standards  will  have  an  advantage  with  regard  to 
their  competition  in  that  they  will  have  a  "head  start"  to 
develop  compliant  products.  Without  the  participation 
of  industry,  there  is  a  possibility  that  the  standards 
developed  will  not  be  practical  with  regard  to  the  test 
methods  and  the  costs  of  compliance.  The  IEC  and  its 
national  committees  are  always  trying  to  educate 
industry  to  the  advantages  of  standardization.  There  are 
also  new  ways  to  develop  "pre-standards"  in  a  rapid 
way  beginning  with  industry  specifications. 

Finally,  new  approaches  must  be  found  to  finance 
the  development  of  standards  that  will  allow  the  low- 
cost  (or  free)  distribution  of  standards  throughout  the 
world.  It  is  clear  that  a  qualified  staff  is  needed  to 
produce  consistent  and  high-quality  standards.  It  is 
therefore  left  to  the  national  committees  of  the  IEC  to 
decide  how  these  changes  can  be  accomplished  without 
sacrificing  the  quality  of  the  work. 
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The  speed  of  progress  in  the  world  of 
telecommunications  and  broadcasting  has  become 
breathtaking.  The  future  of  broadcasting  is 
obviously  digital,  but  which  of  the  broadcast 
delivery  systems  (terrestrial,  satellite  or  cable j  will 
become  dominant  for  digital  TV?  When  will 
analogue  broadcasting  stop?  Is  there  a  long-term 
need  for  broadcasting?  Will  broadcasting  be 
supplanted  either  by  the  Internet  or  by  other 
telecommunications  systems?  Will  "convergence  ” 
lead  to  a  single  delivery  system  for  multimedia 
services? 


1  INTRODUCTION 

Fig.  1  shows  the  approximate  dates  of  introduction 
of  various  technologies  in  broadcasting  and  related 
sectors.  It  is  clear  that  the  pace  of  technology  is 
accelerating.  Although  Fig.l  indicates  that  some 
technologies  (such  as  AM  radio)  have  lasted  a  very 
long  time,  rapid  changes  in  technology  mean  that 
there  is  little  prospect  of  such  stability  in  tire  future. 
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Fig.  1  Approximate  dates  for  the  introduction  of 
various  technologies 

It  is  obvious  that  the  future  of  broadcasting  is 
digital.  Digital  transmission  delivers  numerous 
benefits  for  broadcasting.  Compared  with  analogue 
broadcasting,  spectrum  efficiency  can  be  improved 
dramatically  -  for  example,  by  a  factor  of  4:1  for 
terrestrial  TV  or  10:1  for  satellite  TV.  This 
improvement  in  spectrum  efficiency  permits  a 


much  greater  choice  of  programming.  Digital 
satellite  TV  services  often  include  “near-video-on- 
demand”  services  where,  say,  6  copies  of  several 
films  are  transmitted  simultaneously.  As  their 
starting  times  are  staggered  by  multiples  of  15 
minutes,  viewers  have  to  wait  no  more  than  15 
minutes  to  see  their  choice  of  film. 

Digital  transmission  offers  rugged  and  reliable 
reception  -  even  under  difficult  conditions,  such  as 
multipath  propagation  that  is  often  encountered  on 
portable  or  mobile  receivers.  It  also  offers  lower 
transmission  costs  per  programme,  together  with 
the  opportunity  to  deliver  added-value  data 
services. 

The  transition  to  digital  broadcasting  provides  the 
opportunity  for  broadcasters  to  trade  quantity  for 
quality.  For  example,  a  digital  multiplex  of  about 
20  Mb/s  can  accommodate  one  high-definition  TV 
service  or  four  standard-definition  TV  services  -  or 
even  more  services  if  the  source  material  is 
undemanding  in  terms  of  bit  rate  (such  as  most 
films).  Even  more  important  is  that  digital 
broadcasting  permits  this  flexibility  to  be  used 
dynamically  on  a  second-by-second  basis  to  meet 
programming  needs. 

2  DIGITAL  RADIO 

Despite  intense  competition  from  TV,  radio  is  a 
vibrant  and  expanding  medium  -  which  will  also 
benefit  from  the  transition  to  digital  broadcasting. 

What  will  consumers  expect  from  the  next 
generation  of  radio  services?  They  certainly  will 
not  expect  digital  radio  services  to  be  inferior  in 
any  respect  to  the  existing  analogue  radio  services. 
Although  this  principle  may  seem  very  obvious,  the 
designers  of  some  digital  radio  systems  seem  to 
have  forgotten  it. 

In  the  analogue  world,  much  radio  listening  is 
either  “mobile”  (e  g.  in  cars,  buses  or  trains  -  or 
whilst  walking  or  jogging)  or  “portable”  (e  g. 
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moving  a  radio  from  room  to  room  or  having 
several  radios  scattered  throughout  your  home). 
Radio  listening  has  evolved  from  the  time  when 
listeners  gathered  around  their  only  radio  to  listen 
attentively  to  the  programme  of  their  choice. 
Nowadays,  radio  listening  is  usually  done  whilst 
doing  something  else,  such  as  driving  a  car,  reading 
or  doing  household  chores  -  in  the  computer  world, 
this  is  known  as  “multi-tasking”!  One  of  the  great 
strengths  of  analogue  radio  broadcasting  is  that  it 
can  accommodate  these  diverse  patterns  of  use. 

Mobility  and  portability  are  essential  requirements 
for  any  system  aiming  to  replace  analogue  radio 
broadcasts.  Those  digital  radio  systems  requiring  a 
fixed  satellite  dish  inevitably  require  the  listener  to 
be  stationary  or,  at  least,  to  stay  in  earshot  of  a 
fixed  radio.  Even  worse,  some  system  designers 
expect  viewers  to  listen  to  audio  services  through  a 
TV  set!  The  Eureka- 147  DAB  system  was 
expressly  designed  from  the  outset  to  provide 
perfect  reception  on  mobile  and  portable  receivers. 

Arguably  even  more  important  in  driving  consumer 
demand  for  digital  audio  broadcasting  is  the  range 
of  services  offered  by  the  new  technology.  Some 
people  will  be  keen  to  obtain  digital  simulcasts  of 
analogue  services,  but  even  more  would  be 
attracted  by  additional  “digital-only”  services. 

In  summary,  digital  radio  services  must  replicate 
the  mobility/portability  of  existing  analogue 
services,  as  well  as  allowing  enhanced  services, 
either  more  audio  services  or  multimedia  services. 

2.1  DAB  (Digital  Audio  Broadcasting) 

The  developers  of  the  Eureka- 147  DAB  system 
recognised  tire  importance  of  delivering  high- 
quality  audio  (and  data)  services  to  mobile  and 
portable  users.  It  is  interesting  to  reflect  that  their 
original  plans  envisaged  the  use  of  satellites,  rather 
than  terrestrial  delivery.  However,  satellites  cannot 
meet  all  the  needs  of  radio  broadcasters.  Apart 
from  the  difficulties  of  achieving  adequate 
reception  within  buildings,  satellite  delivery  was 
not  a  sensible  proposition  for  the  growing  number 
of  local  radio  stations. 

A  key  feature  of  DAB  is  its  immunity  to  multipath 
propagation.  Due  to  the  use  of  COFDM,  delayed 
signals  can  actually  improve  reception  because  they 
constructively  contribute  more  power  to  the  wanted 
signal.  An  additional  benefit  is  that  this  feature 
permits  the  use  of  single-frequency  networks,  even 
to  the  extent  where  national  DAB  networks  have 
been  built  using  just  one  frequency.  In  areas  where 
the  DAB  signals  are  received  from  two  or  more 
transmitters  in  a  single-frequency  network,  the 
DAB  receiver  effectively  regards  one  signal  as  a 


delayed  version  of  the  other  signal  -  thus  providing 
unprecedented  continuity  of  reception,  as  well  as 
unrivalled  spectrum  efficiency. 

DAB  services  (see  http://www.worldriah  org)  are 
currently  on  the  air  in  more  than  20  countries 
around  the  world.  To  date,  there  has  been  a 
problem  with  availability  of  cheap  DAB  radios,  but 
there  are  signs  that  this  problem  will  be  overcome 
in  the  near  future. 


2.2  DRM  (Digital  Radio  Mondiale) 

As  with  DAB  and  digital  terrestrial  TV,  the 
combination  of  advanced  digital  modulation 
schemes  with  new  algorithms  for  the  digital 
compression  of  audio  signals  offers  tremendous 
potential  -  even  within  9  kHz  or  10  kHz  RF 
channels  currently  used  for  AM  broadcasting. 

Digital  systems  within  a  9  kHz  or  10  kHz  channel 
can  probably  give  performance  equivalent  to 
monophonic  FM  services  -  whilst  being  much  less 
fragile  than  AM  in  terms  of  immunity  to 
interference  and  selective  fading. 

Despite  the  rapid  advances  in  technology,  many 
people  are  still  dependent  on  HF  broadcasting  for 
impartial  news  and  information.  In  recent  years, 
international  broadcasters  (such  as  the  BBC, 
Deutsche  Welle  and  Voice  of  America)  have 
increasingly  re-broadcast  their  signals  via  local  MF 
or  VHF-FM  transmitters.  Although  such 
transmitters  increase  die  potential  audience,  they 
are  vulnerable  in  times  of  domestic  crisis.  For 
example,  one  of  the  first  actions  in  many  civil  wars 
lias  been  to  seize  control  of  radio  and  TV  stations. 
In  such  circumstances,  HF  broadcasting  becomes  a 
vital  source  of  impartial  information. 

Nevertheless,  audiences  now  expect  higher  quality 
(and  reliability)  than  can  be  delivered  by  AM 
broadcasting  in  the  HF  bands. 

Digital  Radio  Mondiale  (http://www.drm.org')  has 
the  objective  of  agreeing  a  single  standard  for 
digital  radio  in  the  AM  bands.  This  could  be  used 
as  the  long-term  replacement  for  AM  broadcasting 
in  the  HF  bands,  as  well  as  in  the  LF  and  MF 
bands. 

Ideally,  the  DRM  solution  will  be  applicable  to 
existing  AM  transmitters  with  only  minor 
modifications.  Broadcasters  are  naturally  attracted 
by  the  potential  re-use  of  expensive  hardware,  such 
as  high  power  transmitters  and  transmitting 
antennas. 
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impressive  demonstrations  of  mobile  reception  of 
DVB-T  transmissions. 


The  DVB  Project  (http://www.dvb.org)  was 
established  in  1993  to  provide  specifications  for 
digital  TV  systems.  It  has  been  very  successful  not 
only  in  defining  technical  specifications  for  the 
complete  range  of  broadcast  delivery  systems  -  but 
also  for  many  other  related  specifications,  such  as 
for  “return”  channels  to  permit  interactive  TV 
services. 

Digital  satellite  TV  transmissions  permit  the  rapid 
introduction  of  digital  services  across  an  entire 
country  (or  countries).  They  are  ideal  for  covering 
large  sparsely  populated  areas,  where  digital  cable 
TV  networks  would  be  uneconomic. 

Digital  terrestrial  TV  transmissions  offer  reception 
on  existing  roof-top  antennas.  This  may  not  seem 
to  be  very  important,  but  DVB-T  set-top  boxes  are 
being  sold  “ready  for  use”  in  the  UK.  In  the  vast 
majority  of  cases,  the  average  member  of  the  public 
needs  no  professional  assistance  in  setting  up  such 
equipment. 

DVB-T  reception  is  also  possible  using  the  set-top 
antennas  used  by  many  “second”  TV  sets.  This  is 
particularly  important  because,  in  many  homes, 
only  the  “main”  TV  set  is  connected  to  a  roof-top 
antenna,  satellite  dish  or  cable  TV  network.  In  the 
analogue  world,  “second”  or  “third”  TV  sets  are 
unable  to  deliver  adequate  quality  pictures  because 
they  are  connected  to  a  “set-top”  antenna. 


In  the  near  future,  we  can  expect  portable  digital 
TV  receivers,  similar  to  the  fully-functioning  Nokia 
“Media  Screen”  DVB-T  receiver  shown  in  Fig.  2. 


Fig.  2  Nokia  Media  Screen  DVB-T  receiver 

DVB-T  even  offers  tire  possibility  of  mobile  TV 
reception.  This  prospect  is  especially  important  in 
countries  (such  as  Germany  and  the  Netherlands) 
with  high  penetration  of  cable  and  satellite  TV  - 
where  the  demand  for  multi-channel  TV  lias 
already  been  satisfied.  There  have  been  numerous 


For  historical  reasons,  terrestrial  transmission  has 
been  the  dominant  form  of  delivery  for  analogue 
TV  services. 

Which  broadcast  delivery  system  will  be  dominant 
in  the  digital  era? 

It  is  important  to  recognise  the  different 
environments  of  different  countries.  For  example, 
cable  TV  systems  have  very  high  penetration  in  the 
Netherlands  and  in  Belgium.  On  the  other  hand, 
cable  TV  systems  have  limited  penetration  in 
France,  whilst  in  the  UK,  satellite  TV  is  more 
popular  than  cable  TV. 

Each  broadcast  deliveiy  system  has  its  own 
particular  strengths  and  weaknesses.  Broadcasters 
will  need  to  choose  the  most  appropriate  mix  of 
digital  delivery  mechanisms  for  tlieir  country. 
There  will  be  no  universal  solution  for  digital 
broadcasting. 


4  THE  INTERNET 

The  rapid  growth  of  the  Internet  has  surprised 
almost  everybody.  It  is  often  quoted  as  an  example 
of  the  sheer  unpredictability  of  our  technological 
age. 


Fig.  3  Growth  of  the  Internet 

Fig.  3  appears  to  indicate  tliat  the  growth  of  the 
Internet  “exploded”  around  1995,  coinciding 
roughly  with  the  establishment  of  the  World  Wide 
Web.  Looking  at  this  graph,  it  is  hard  to  believe 
that  anybody  could  have  predicted  this  sudden 
“take-off’. 

However,  if  exactly  tire  same  data  is  plotted  on  a 
logarithmic  scale,  as  in  Fig.  4,  it  is  clear  that  there 
was  no  sudden  change  around  1995.  In  fact  the 
Internet  lias  had  a  long  history  of  sustained 
exponential  growth.  Although  there  are  limits  to 
exponential  growth,  ultimately  set  by  the 
population  of  tire  world,  it  is  obvious  tliat  tire  use  of 
graphs  with  a  logaritlunic  scale  would  have  given 
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us  “early  warning”  about  the  phenomenal  growth  of 
the  Internet. 


Fig.  4  Growth  of  the  Internet  (logarithmic  scale ) 

Although  the  Internet  has  shown  impressive 
growth,  it  is  important  to  put  this  growth  into 
perspective.  Fig.  5  shows  the  speed  at  which 
households  in  the  USA  adopted  various 
technologies.  These  curves  are  very  similar  despite 
a  separation  of  60  years  between  the  introduction  of 
radios  and  VCRs.  It  has  often  been  claimed  that  the 
Internet  is  the  fastest  growing  consumer  product, 
but  Fig.  5  illustrates  that,  even  if  it  reaches  the 
predicted  50%  take-up  in  the  USA  by  2003,  it  will 
simply  be  matching  the  success  of  the  video¬ 
recorder! 


Although  there  are  millions  of  potential  listeners  on 
the  Internet,  typical  audio  servers  can  support  only 
a  maximum  of  100  or  200  simultaneous  listeners. 
Audio  servers  capable  of  handling  up  to  500 
simultaneous  listeners  are  available,  but  they  are 
expensive  and  require  broadband  connections  from 
the  broadcaster  to  the  Internet. 

As  each  listener  requires  a  continuous  dedicated 
stream  of  data  at  20  kbit/s,  a  2  Mbit/s  connection 
from  tire  broadcaster  to  the  Internet  is  needed  for 
every  100  listeners.  Not  many  broadcasters  would 
spend  $50,000  or  more  on  a  new  radio  transmitter 
that  would  serve  a  maximum  of  200  people.  But 
they  do  on  the  Internet! 

To  accommodate  additional  listeners,  broadcasters 
have  to  pay  for  extra  hardware  (e.g.  servers)  and 
extra  bandwidth.  In  practice,  the  cost  of  bandwidth 
can  be  exorbitant.  In  other  words,  broadcasters  pay 
for  every  additional  listener  on  the  Internet 

If  a  web  site  becomes  very  successful,  its  operator 
must  pay  for  more  hardware  (e.g.  servers)  and  for 
greater  bandwidth  connections.  As  there  are  very 
few  proven  models  of  financial  success  on  the 
Internet  this  can  lead  to  vicious  spiral  in  which 
successful  operators  become  "victims  of  their  own 
success". 

This  contrasts  sharply  with  the  concept  of 
broadcasting.  One  of  the  remarkable  characteristics 
of  broadcasting  is  that  in  the  language  of 
economists,  it  is  a  “public  good”  because  the  costs 
of  programme  production  and  distribution  remain 
constant  whether  a  particular  programme  attracts  1 
million  or  2  million  viewers. 


Fig.  5  Penetration  curves  for  the  USA 


What  is  the  relationship  between  broadcasting  and 
the  Internet? 

It  is  obvious  that  the  Internet  has  great  long-term 
potential  for  broadcasters.  Many  broadcasters  use 
the  Web  to  offer  programme-related  information,  as 
well  as  limited  audio  and  video  services. 
Broadcasters  already  operate  some  of  Europe’s 
most  popular  web  sites. 

Audio  via  the  Internet  has  now  become  a  practical 
reality.  More  than  1600  broadcasters  are  already 
providing  such  services.  More  than  40  million 
copies  of  RealAudio®  software  have  been 
downloaded  over  the  Internet.  Nevertheless,  it  is 
not  clear  whether  audio  broadcasting  via  the 
Internet  makes  sense  either  for  broadcasters  or  for 
listeners. 


Video  over  the  Internet  is  some  way  from  reality. 
At  present,  video  pictures  are  typically  not  that 
much  larger  than  a  postage  stamp.  The  video 
quality  usually  leaves  a  lot  to  be  desired,  but  we 
must  remember  that  the  Internet  is  still  in  its 
infancy. 

Despite  numerous  high-profile  attempts  to  organise 
large  scale  “live  broadcasts”  via  the  Internet,  the 
reality  is  that  traditional  broadcasting  remains  the 
only  sensible  method  of  delivering  video  and  audio 
simultaneously  to  millions  of  people. 

The  Internet  is  not  yet  suitable  for  one-to-many 
services  (e.g.  broadcasting),  but  it  is  ideal  for  one- 
to-one  services  (e.g.  audio-on-demand).  As  the 
capabilities  of  the  Internet  improve,  it  will 
undoubtedly  become  even  more  important  for 
broadcasters  as  a  new  delivery  mechanism, 
especially  for  on-demand  services  (including  video) 
-  as  well  as  for  international  audiences. 
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5  BROADCASTING  &  TELECOMS 

Will  there  be  convergence  between  broadcasting 
and  telecommunications?  It  is  important  to 
understand  the  differences  between  these  separate 
industries.  Telecoms  is  mainly  “one-to-one”, 
whereas  broadcasting  is  mainly  “one-to-many” 

From  the  all-important  perspective  of  users,  both 
models  have  advantages  and  disadvantages.  Both 
models  will  continue  to  be  needed  for  different 
types  of  services  and  applications. 


of  the  operator,  any  business  is  good,  particularly  if 
the  call  lasts  a  long  time!  However,  it  seems 
improbable  tliat  listeners  would  move  from  radio 
broadcasting  (which  is  essentially  free)  to  telecoms- 
delivered  audio  services  (which  will  be  expensive). 

UMTS  may  not  be  competitive  in  delivering  2  Mb/s 
broadcast  services  to  static  users,  but  UMTS  could 
find  an  important  role  in  providing  enhanced 
multimedia  and  interactive  services  or  return 
channels  for  interactive  broadcasting  (e.g.  in 
conjunction  with  DAB). 


Until  recently,  there  was  a  significant  gap  between 
the  data  rates  needed  for  broadcasting  and  the  data 
rates  available  on  most  telecommunications 
systems.  However,  this  is  now  changing  with  the 
emergence  of  broad-band  delivery  systems,  such  as 
cable  modems  and  ADSL.  These  technologies, 
aimed  at  domestic  users,  will  probably  deliver  up  to 
2  Mb/s.  This  falls  slightly  short  of  tlie  4  —  6  Mb/s 
needed  for  delivery  of  good  quality  television 
programmes.  However,  2  Mb/s  is  dramatically 
better  than  that  offered  by  the  56  kb/s  modems  used 
to  access  the  Internet! 

The  development  of  UMTS  is  particularly 
interesting  to  broadcasters  -  as  it  offers  “up  to  2 
Mb/s”.  In  practice,  this  data  rate  will  almost 
certainly  not  be  available  on  a  sustained  basis  -  nor 
will  it  be  available  on  a  wide-area  basis.  In 
practice,  2  Mb/s  on  UMTS  will  be  restricted  to  very 
small  cells  -  and  probably  to  fixed  (rather  titan 
mobile)  users.  As  shown  in  Fig.  6,  UMTS  will 
probably  offer  data  rates  of  128  kb/s  for  mobile 
users  and  384  kb/s  for  pedestrian  users. 


6  WITHDRAWAL  OF  ANALOGUE 
BROADCASTING 

When  digital  broadcasting  becomes  universal,  it 
will  be  possible  to  withdraw  the  analogue 
transmissions.  This  will  allow  the  release  of  large 
amounts  of  spectrum,  which  could  be  used  for 
additional  digital  broadcasting  and/or  for  other 
services.  This  is  an  important  objective,  but  when 
will  it  happen? 

In  order  to  answer  this  question,  it  is  instructive  to 
examine  some  precedents. 

6.1  AM  radio 

The  introduction  in  tire  1950s  and  1960s  of  FM 
broadcasting  sounded  the  death-knell  for  AM 
broadcasting.  As  FM  was  so  much  better  than  AM, 
it  seemed  obvious  that  AM  would  disappear  within 
10  years  -  or  20  years  at  the  most.  In  fact,  AM  is 
still  with  us. 


Stationary 


Pedestrian 


Mobile 
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Fig.  6  The  relationship  between  UMTS  and  other 
digital  technologies 


It  is  clear  from  Fig.  6  that  UMTS  is  just  one  of 
many  technologies  that  can  be  considered  for  the 
delivery  of  multimedia  signals. 

Although  it  has  been  suggested  tliat  UMTS  could 
be  used  to  deliver  audio  services,  there  seems  to  be 
uncertainty  about  the  costs  tliat  each  user  would 
have  to  pay  for  such  services.  From  the  perspective 


Why  has  it  refused  to  lay  down  and  die? 

From  a  technical  perspective,  there  should  be  no 
contest  between  AM  and  FM.  The  9  kHz  RF 
channels  in  the  LF  and  MF  bands  set  the  maximiun 
audio  bandwidth  for  AM  at  4.5  kHz.  In  practice, 
the  frequency  response  of  most  AM  radios  is 
typically  -3  dB  at  3.5  kHz,  whereas  FM  offers  15 
kHz  bandwidth  as  well  as  stereo. 

Although  ground-wave  reception  of  LF  and  MF 
stations  can  be  reasonably  good  during  the  day, 
reception  at  night  is  often  ruined  by  interference 
from  sky-wave  signals,  either  from  the  wanted 
transmitter  or  from  distant  co-channel  transmitters. 

Despite  the  clear  teclinical  benefits  of  FM,  AM  did 
not  quickly  replace  FM.  In  countries  (such  as  the 
UK)  where  the  FM  transmissions  simply  duplicated 
the  existing  AM  services,  admittedly  in  higher 
quality,  there  was  little  incentive  for  listeners  to  buy 
relatively  expensive  new  FM  radios.  Conversely, 
in  countries  (such  as  Germany)  where  the  LF/MF 
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assignments  were  insufficient  to  meet  the 
programming  requirements,  many  services  were 
available  only  on  the  FM  band  -  and  hence  FM 
listening  became  popular  more  quickly. 

Until  the  late  1960s  or  early  1970s,  most  portable 
radios  and  car  radios  could  only  receive  AM 
services.  By  the  1980s,  most  new  radios  included 
FM,  but  AM  radios  were  not  discarded  in  favour  of 
the  new  FM  radios.  Some  of  the  AM  radios 
remained  in  use  -  with  the  consequence  that  many 
listeners  continued  to  listen  for  part  of  the  time  to 
AM  services,  because  their  old  radios  could  not 
receive  FM  services. 

However,  this  was  only  part  of  the  problem.  Not 
everybody  accepted  the  technical  arguments  in 
favour  of  FM.  Perversely,  some  people  preferred 
the  "mellow"  sound  of  AM,  rather  than  the  "tinny" 
sound  of  FM.  There  is  little  doubt  that  such 
complaints  were  justified:  some  cheap  portable 
radios  sounded  terrible.  Furthermore,  even  within 
the  last  few  years,  some  FM  radios  are  so 
insensitive  that  they  are  essentially  "deaf',  since 
they  cannot  receive  any  weak  FM  signals. 

More  substantially,  some  listeners  acknowledged 
the  superiority  of  FM  reception  on  a  hi-fi  system 
with  a  good  antenna  but,  rightly,  observed  that  FM 
reception  on  portable  or  car  radios  was  often 
unsatisfactory. 

Whereas  AM  reception  is  relatively  stable,  tire  use 
of  VHF  transmissions  means  that  moving  an  FM 
radio  by,  say,  one  metre  can  cause  dramatic 
variations  in  reception  quality.  In  a  car,  such 
variations  can  cause  temporary  "drop-outs"  which 
might  be  acceptable  if  they  are  infrequent 
However,  the  variability  of  reception  with  location 
is  judged  by  many  to  be  completely  unacceptable 
on  a  portable  radio  at  home. 

Unfortunately,  adequate  reception  of  a  specific  FM 
transmission  can  require  a  portable  radio  to  be 
physically  moved  from  its  "natural"  position  on  a 
table  or  kitchen  shelf  to  a  less  satisfactory  location 
-  only  to  be  moved  back  to  receive  a  different  FM 
transmission. 

AM  reception  cannot  match  the  best  quality 
obtainable  on  FM,  but  AM  might  be  more  reliable  - 
at  least  during  the  day! 

At  long  last,  at  the  end  of  the  1990s,  AM  listening 
is  showing  signs  of  decline.  FM  seems  to  have  won 
the  long  battle.  AM  remains  viable  for  news  and 
sports  services,  but  is  less  likely  to  be  successful  for 
music  formats.  New  broadcasters  are  reluctant  to 
build  AM  transmitters  because  FM  transmitters  are 
cheaper  to  build  and  operate.  Furthermore,  some 


AM  services  have  already  been  closed  down.  This 
trend  is  likely  to  continue  as  broadcasters  examine 
their  high-power  AM  services  in  terms  of  cost  per 
listener. 


6.2  Withdrawal  of  TV  services 

Various  Governments  and  regulators  have 
suggested  dates  by  which  the  existing  analogue  TV 
services  might  be  withdrawn.  The  Federal 
Communications  Commission  (FCC)  in  the  USA 
has  announced  that  all  analogue  TV  services  will  be 
switched  off  in  2006.  In  Europe,  similar  proposals 
have  been  made  but  in  the  timeframe  2009  -  2015. 

Broadcasters  who  are  introducing  digital  TV 
services  would  probably  welcome  such  initiatives. 
Announcing  a  date  for  the  closure  of  analogue  TV 
would  emphasise  to  consumers  that  digital  TV  will 
eventually  replace  analogue  TV.  This  would  have 
the  immediate  effect  of  depressing  the  sales  of 
analogue  TV  sets  and  accelerating  the  take-up  of 
digital  services.  This  would  benefit  broadcasters  by 
increasing  the  availability  of  their  new  digital 
services  and,  hence,  reducing  the  cost-per-head  of 
such  services.  By  reducing  the  period  of 
"simulcasting"  (i.e.  parallel  operation  of  analogue 
and  digital  transmitter  networks),  it  would  also  help 
to  reduce  the  costs  for  broadcasters. 

However,  given  the  uncertainties  about  the  speed  at 
which  consumers  will  adopt  digital  TV  and  the  fact 
that  few  digital  terrestrial  TV  services  are  yet  on  tire 
air,  it  seems  premature  to  announce  precise 
timetables  for  the  replacement  of  analogue  TV  by 
digital  TV. 

Market  research  in  the  USA  suggests  that  only 
about  50%  of  homes  will  have  digital  TV  by  2006, 
which  is  the  proposed  date  for  withdrawal  of  the 
analogue  TV  services.  Tins  implies  that  about  50% 
of  homes  will  still  be  dependent  on  analogue  TV. 
Clearly,  there  is  a  problem  here:  either  the  analogue 
TV  services  will  have  to  be  maintained  much 
longer  than  the  FCC  expects,  or  the  market 
researchers  have  seriously  under-estimated  the 
impact  of  digital  TV. 

It  is  important  to  be  realistic  about  the  prospects  for 
rapid  take-up  of  digital  TV.  Few  consumer 
electronics  products  achieve  penetration  of  3%  of 
households  within  3  years  and  only  the  most 
successful,  such  as  the  audio  CD,  have  reached 
50%  within  10  years.  In  the  case  of  digital  TV, 
there  will  inevitably  be  resistance  from  some 
members  of  the  public  who  will  not  be  able  to 
afford  digital  TV  equipment,  or  who  see  no  reason 
why  they  should  not  continue  to  use  their  analogue 
TV  sets.  Even  worse,  it  should  also  be  noted  that 
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an  increasing  number  of  households  have  more  than 
one  TV  set.  Every  TV  and  every  VCR  must  be 
replaced  or  equipped  with  a  digital  set-top  box 
before  the  closure  of  analogue  TV  services. 

There  is  not  much  experience  to  guide  us  in 
determining  a  realistic  timetable  for  the  withdrawal 
of  analogue  TV  services.  The  nearest  parallels  are 
the  withdrawal  of  the  819-line  services  in  France 
and  the  405-line  services  in  the  UK.  The  latter 
involved  a  15-year  period  of  simulcasting,  ending 
in  1984. 

It  might  be  thought  that  the  transition  to  digital  TV 
could  take  place  even  more  quickly.  However, 
circumstances  were  very  different  then.  The  last 
405-line  TV  sets  were  manufactured  in  the  UK  at 
the  end  of  the  1960s  and  they  used  valves,  rather 
than  transistors.  At  that  time,  the  "life  expectancy" 
of  such  sets  was  about  8  years.  In  other  words,  it 
was  surprising  that  there  were  any  405-line  sets  still 
operating  in  1984.  Modem  television  sets  last 
much  longer,  with  a  life  expectancy  of  15-20  years 
and,  hence,  we  cannot  rely  entirely  on  the  natural 
replacement  of  TV  sets  as  the  catalyst  in  the 
transition  to  digital  TV. 

More  recently,  various  broadcasters  -  especially  in 
Eastern  Europe  -  have  made  or  plan  to  make  the 
transition  from  SECAM  to  PAL.  As  most  modem 
TV  sets  can  receive  PAL  as  well  as  SECAM,  this 
transition  should  be  relatively  painless,  except  for 
those  people  with  older  colour  TV  sets. 

In  most  countries,  it  is  the  politicians  who  will  set 
the  timetable  for  the  withdrawal  of  the  analogue  TV 
services.  Depriving  the  viewers  of  their  TV 
services  is  unlikely  to  win  many  votes! 

Although  there  are  arguments  in  favour  of  setting  a 
date  for  the  closure  of  analogue  TV  services,  this 
date  will  almost  certainly  need  to  be  revised, 
depending  on  the  take-up  of  digital  TV.  There  is  no 
value  in  setting  an  unrealistic  date  for  the 
withdrawal  of  analogue  TV  services. 


7  DEVELOPMENTS  IN  BROADCASTING 


Rapid  technological  changes  in  other  areas  could 
have  substantial  impact  on  broadcasting.  For 
example.  Fig.  7  shows  that  the  cost  of  storage  is 
falling  rapidly:  in  the  case  of  hard  disks,  the  cost 
per  MB  of  storage  has  fallen  consistently  by  a 
factor  of  2  every  12  months  during  the  last  10 
years.  Industry  experts  expect  this  trend  to  be 
maintained  for  5-10  years. 
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Fig.  7  Cost  of  storage 


Hard  disks  are  now  becoming  so  cheap  that  they 
can  be  used  as  “intelligent”  video  recorders 
(e  g.  TiVo,  Replay  Networks,  some  PCs).  Unlike 
tape-based  VCRs,  hard  disks  can  record  and  replay 
at  the  same  time.  This  means  that  you  can  record  a 
“live”  programme  but  if  tire  telephone  rings,  you 
can  press  “pause”  to  freeze  tire  displayed  picture. 
Whilst  you  are  on  tire  telephone,  the  broadcast  will 
continue  to  be  recorded  on  the  hard  disk.  When 
convenient,  you  can  resume  watching  tire 
programme  with  full  VCR-like  controls  -  allowing 
you  to  “rewind”  or  “fast  forward”  whilst  the 
programme  is  still  being  recorded.  One  notable 
feature  is  that  you  can  also  use  this  technology  to 
“skip”  tire  advertisements! 

The  availability  of  “local”  storage  will  permit  TV 
viewers  to  “order”  a  programme  to  be  recorded  by  a 
single  click  during  a  trailer.  Even  better,  intelligent 
software  agents  will  record  TV  programmes  that 
they  “think”  you  might  want  to  watch  -  on  the  basis 
of  your  previous  viewing  habits. 

Recorded  programmes  will  be  automatically 
indexed,  and  retrieved  with  an  easy-to-use 
electronic  programme  guide. 


The  transition  to  digital  transmission  is  very 
important,  but  it  does  not  change  the  essential 
nature  of  broadcasting.  Traditional  broadcasting  is 
a  one-to-many,  one-way  communications  system. 
By  its  nature,  it  is  consumed  in  a  passive,  linear 
manner  -  unlike  the  World  Wide  Web  where  users 
actively  select  “where”  they  wish  to  go  at  the  click 
of  a  mouse. 

The  evolution  of  broadcasting  will  include  new 
types  of  service  -  not  just  “more  of  the  same”. 


Linear  programmes  (e.g.  a  news  bulletin)  can  be 
consumed  in  a  non-linear  manner.  In  other  words, 
you  will  be  able  to  select  the  items  of  interest  to 
you  -  whilst  skipping  past  those  of  no  interest. 

By  using  “intelligent”  storage  in  the  receiver,  a 
modest  amount  of  over-air  data  capacity  can  deliver 
sophisticated  interactive  multimedia  information 
services.  Stored  information  will  be  continuously 
up-dated  and  instantly  available  to  users.  In  effect, 
you  will  have  instant  access  to  the  latest  news  or 
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information  -  all  of  which  will  have  been  broadcast 
and  stored  locally. 

The  TV-Anytime  Forum  has  been  established  to 
provide  specifications  for  systems  using  local 
storage.  Full  information  about  the  activities  of  this 
Forum  is  available  at  http://www.tv-anvtime.org 


8  CONCLUSIONS 

Digital  broadcasting  will  become  ubiquitous  in  the 
next  few  years.  The  Internet  is  not  yet  able  to 
compete  with  broadcasting  in  terms  of  quality  and 
reliability,  but  broadcasters  recognise  that  the 
Internet  is  important  today  and  will  be  even  more 
important  in  5  years.  However,  the  Internet  will  not 
“kill”  broadcasting. 

The  future  will  see  a  proliferation  of  potential 
delivery  methods  for  multimedia  content  -  some  of 
which  are  shown  in  Fig.  8.  Not  all  of  the  new 
delivery  methods  will  be  successful,  but  the  one 
certainty  is  that  we  will  not  converge  on  to  a  single 
delivery  system! 


Given  the  rapid  changes  in  technology, 
broadcasting  will  not  “stand  still”.  Broadcasters 
will  adopt  and  adapt  any  new  technologies,  such  as 
local  storage,  that  will  offer  benefits  for  them  or  for 
their  consumers. 

Broadcasters  will  almost  certainly  see  themselves 
primarily  as  content  providers  and  they  will  become 
neutral  about  delivery  technologies. 

It  is  important  to  note  that  many  debates  on  the 
future  of  broadcasting  concentrate  on  merits  of 
different  delivery  systems.  A  few  consumers  are 
motivated  by  technology,  but  most  are  simply 
attracted  by  “content”.  We  must  not  neglect  the 
much  more  important  issue  of  content  provision. 


Technology  is  “everywhere” . 

but  good  content  is  “rare” 


Fig.  8  Convergence  -  or  divergence? 
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The  aim  of  the  present  paper  is  to  illustrate 
the  point  of  view  of  the  NATO  Special  Working 
Group  10,  “Naval  Electro-magnetic  Environment 
Effects(E3)”,  on  the  Harmonisation  of  Military  and 
Civilian  Standards  and  the  undertaken  activities  in 
this  field. 

This  harmonisation  will  improve  the 
effectiveness  of  single  ships  and  task  groups,  by 
minimising  system  performance  degradation 
caused  by  the  E3  when  installing  both  military  and 
Commercial  Off  The  Shelf  (COTS)  equipment  on 
board  a  platform  and  co-locating  them  in  the  same 
reduced  volumes,  that  are  typical  inside  a  ship,  in 
presence  of  a  highly  E.M.  polluted  environment. 

The  first  steps  for  achieving  such  a 
harmonisation  are  the  comparison  of  the  existing 
military  and  civilian  standards  and  requirements, 
considering  the  particular  naval  environment,  and 
the  evaluation  of  the  possible  risk  deriving  from 
the  coexistence  of  military  and  COTS  apparatus, 
with  respect  to  measurement  methods,  frequency 
range  and  limits,  in  order  tc  define,  when  needed, 
additional  rules  or  other  additional  limitations. 

1.  NATO  SWG- 10  ACTIVITIES  IN  THE  EMC 
FIELD 

As  is  widely  known,  positive  control  of 
electromagnetic  effects  is  of  vital  importance  in  an 
environment  where  equipment  is  ever  more 
dependent  on  electricity  and  electronics,  with 
consequent  propagation  of,  and  susceptibility  to 
electromagnetic  fields. 

Therefore,  if  all  the  producers  and  users  of 
electric  and  electronic  equipment  are  affected  by 
these  problems,  it  is  not  surprising  that  n  lot  of 
specialists  are  working  on  the  different  mr  'ters  in 
different  fields,  and  amonr-  them  the  military 
specialists. 

In  NATO  there  are  different  groups  which  are 
pursuing,  mainly,  the  following  specific  areas  of 
concern  associated  with  electromagnetic 
interference  and  compatibility: 


-  RADHAZ; 

Air  Environment; 

Standardisation  of  Materiel; 

Safety ; 

etc. 

And  last  but  by  no  means  least,  this  brings  us 
to  the  NATO  Special  Working  Group  10  on 
Electro-Magnetic  Environment  Effect(E3) 
dedicated  to  the  naval  environment. 

The  group  is  attended  by  14  NATO  Nations 
and  is  open  to  the  Partners  for  Peace  Countries, 
that  are  Bulgaria,  Finland,  Russia,  Sweden, 
Lituania,  Romania  etc. 

The  most  relevant  characteristics  of  the 
group  include  long  duration  participation  of  the 
Representatives,  with  an  average  of  5  years, 
which  makes  it  cohesive  and  strong,  and  the 
considerable  contribution  from  technical  experts 
and  Centres. 

The  main  aim  of  SWG  -10  is  to  enhance  the 
operational  effectiveness  of  ships  and  naval  task 
forces  by  means  of  the  minimization  of 
electromagnetic  interference,  both  inside  a  single 
ship  or  amongst  ships  in  a  naval  formation, 
through  the  identification,  control  and  elimination 
of  sources  of  electromagnetic  interference  or 
reduction  of  the  undesired  effects. 

The  naval  environment  is  a  very  complex  one 
due  to  the  fact  that  the  topside  antenna 
arrangements  of  a  modern  warship  are  fitted  with, 
a  multitude  of  active  and  passive  sensors, 
communication  and  weapon  control  emitters  and 
receivers,  operating  across  the  whole  frequency 
spectrum  and  at  different  levels  of  power,  but 
occupying  a  very  small  space. 

For  this  reason,  NATO  formed  the  SWG  10 
to  work  towards  ensuring  that  in  this  special  and 
demanding  environment,  electromagnetic 
interference  does  not  inhibit  operational  capability. 

The  SWG-10  Group  addresses  both  the 
analysis  and  the  remedy  of  EMI.  This  is  done  in  a 
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productive  way  by  measuring  both  near  field  and 
far  off  electromagnetic  fields  on  board  ships,  and 
then  assessing  the  incidents. 

Special  measurements  can  then  be 
recommended  and  agreed  upon  as  Standards. 

Additionally,  the  mandate  of  the  group 
extends  to  the  remedy  of  EMI  between  ships  in  a 
multinational  maritime  force,  including  the  impact 
on  frequency  planning  and  management. 

The  group  uses  information  exchange  as  the 
fuel  for  the  work  that  must  be  done  to  achieve 
minimised  EMI,  and  the  end  products  of  this  work 
are  NATO  Standardisation  Agreements  and  Allied 
Naval  Engineering  Publications. 

2.  ADOPTION  OF  COTS  EQUIPMENTS  IN  THE 
NAVIES 

In  recent  years,  due  to  the  financial  cuts 
exercised  by  all  the  Nations  in  the  Defence 
Programs  and  due  also  to  the  exponential-law 
technological  progress  in  commercial  design  and 
production  in  electronics  field,  the  attention  of 
Combat  -  Systems  designers  has  been  orientated 
also  to  the  commercial  market. 

In  particular  the  following  apparatus  can  be 
indicated  as  products  of  normal  employment  on 
board  ships: 

Navigation  radar; 

GMDSS  (Global  Maritime  Distress  and  Safety 

Systems),  including  radio  equipment; 

Gyrocompass; 

Meteorological  equipment,  utilising  both  MF 

radio  frequency  band  and  satellite  media; 

Personal  Computers; 

Wire  Telephones; 

Portable  telephones  (e.g.  GSM); 

Facsimile  equipment; 

Television  and  broadcast  receivers; 

-  Navigation  aids  (e.g.  Loran  -c  and  GPS ); 

Satellite  communications  (i.e.  INMARSAT); 

Internal  communications  device; 

VHF-International  Maritime  communications; 

etc.. 

This  situation  has  led  us  to  keep  in  due 
consideration  the  coexistence,  in  the  same 
internal  spaces  of  a  ship,  both  military  and 
commercial  equipment,  that  must  operate 
respecting  the  required  functional  performance, 
without  reciprocally  interfering,  even  if  designed 
and  produced  according  to  different  standards. 

In  this  context  it  is  important  to  underline  the 
importance  of  reaching  the  goal  of  the 
Harmonisation  of  commercial  and  military 
standards  as  a  hot  topic  in  the  NATO  Navies,  and 
according  to  this  policy  the  SWG  -10  has  started 


to  investigate  possible  EMI  problems  arising  from 
the  insertion  on  board  of  COTS  equipment. 

3.  MILITARY  AND  CIVILIAN  STANDARDS 

As  a  preliminary  approach  to  the  above 
mentioned  harmonisation  among  standards,  it  is 
important  to  mention  the  historical  origins  and  the 
following  evolution  of  Documents  and  Regulations 
inherent  to  the  EMI-EMC,  both  in  the  military  and 
civil  world  [1], 

The  first  military  EMI  documents  were 
developed  in  the  more  industrialised  Countries  in 
the  period  immediately  following  the  Second 
World  War,  with  the  aim  of  defining  the  main 
characteristics  of  EM  emissions  and  susceptibility 
of  the  equipment,  Systems  and  Sub/Systems. 

As  an  example,  let  me  mention  the  first 
Regulation  published  in  the  US,  the  JAN-l-225, 
regarding  the  test  procedures  EMI  to  be  utilised 
for  measuring  the  interference  arising  on  board  of 
vehicles.  Later,  this  specification  was  substituted 
by  the  JAN-l-227  and  then,  in  June  1950  by  the 
MIL-1-61 81 . 

The  limits  fixed  in  this  specification  were 
inclusive  also  of  the  emissions,  without  any 
differences  between  broad-band  and  narrow-band 
measurements,  and  were  limited  to  the  control  of 
the  interference  of  the  telecommunication 
equipment  up  to  30  MHz. 

Always  in  the  USA,  in  1953,  the  MIL-STD  - 
225  was  proposed,  with  the  aim  of  applying  it  to 
the  three  Services,  but  never  adopted  due  to  the 
incoming  policy  of  separating  the  specifications  for 
the  Navy,  The  Air  Force  and  the  Army. 

In  these  late  documents  the  utilised  limits  and 
measurements  units  were  different,  and  they 
could  generate  some  misunderstanding  in  the 
application  for  certifying  the  same  equipment 
employed  in  the  three  Services,  with  the 
consequent  procurement  problems.  Thus  it  was 
decided  to  solve  the  problem  through  the 
promulgation  of  the  MIL  -STD  -826,  common  to 
the  three  Services,  never  adopted  for  the  heavy 
reserves  expressed  on  it.  Finally,  the  following 
Standards  were  agreed  upon  and  widely  adopted, 
not  only  in  the  USA,  constituting  also  the  basis, 
with  some  amendments,  for  the  development  of 
other  military  specifications  in  other  Countries: 

MIL-STD-461  Electromagnetic  Interference 

Characteristics,  Requirements  for  Equipment; 

MIL-STD-462  Electromagnetic  Interference 

Characteristics,  Measurements  of; 

MIL-STD-463  Definition  and  System  of  Units, 

Electromagnetic  Interference  and 

Technology. 
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A  similar  situation  occurred  in  other 
industrialised  Countries,  with  the  same  initial 
approach  in  developing  different  Standards  for 
the  three  Services,  and  the  following  policy  based 
on  their  unification. 

Examples  of  military  standards  developed  in 
national  contexts  or  in  International  bodies  are 
listed  below: 


-  DEF-STAN  59-41  (UK), 

-  VG  95373  (Germany), 

-  STANG  3516  (NATO), 

-  GAM  EG  13  (France), 

-  PMS  (Poland), 

NO  (Poland). 


In  the  civilian  field,  the  history  has  deeper 
roots,  in  fact,  already  in  1934  the  first  International 
Congress  on  Radio  Interference(CISPR)  was 
held. 

Due  to  the  war  events,  there  was  a  long 
period  of  inactivity  in  the  development  of 
Regulations  and  limits,  followed  by  an  intense 
revival  in  the  international  context  in  the 
subsequent  years. 

In  the  ‘60s  various  Institutes  were  founded  in 
many  Countries  with  the  aim  of  studying  suitable 
methodology  and  identifying  appropriate  limits  in 
order  to  satisfy  the  EMI/EMC  requirements  for  the 
different  equipment  in  commerce,  that  is:  radio 
receivers,  medical  and  scientific  apparatus, 
domestic  electrical  appliances  and  so  on. 

It  is  important  to  note  that  the  above 
mentioned  Institutes  have  produced  a  great 
number  of  documents,  some  times  in  contrast  with 
each  other,  generating  difficulties  in  the  diffusion 
of  the  equipment  in  Countries  other  than  the  one 
in  which  the  product  originated. 

In  order  to  solve  this  problem,  many  efforts 
are  underway  in  order  to  identify  a  policy  able  to 
permit,  in  the  short  term,  the  unification  of  the 
Regulation,  through  qualified  Committee  as  the 
CENELEC  in  European  Community. 

Among  the  major  Organisations  present  in 
the  World  with  the  task  of  identifying,  on  an 
international  scale,  a  common  basis  among  the 
various  documents,  it  is  possible  to  list,  mainly, 
the  following: 

•  The  Department  of  Defence  of  USA,  which 
includes  the  Organisms  that  generated  the 
above  mentioned  MIL  STD  461-462-463; 

•  The  Federal  Communications  Commission 
(FCC),  created  in  the  1934  in  the  USA,  with 
the  aim  of  promulgating  rules  for  construction 
of  equipment  that  can  cause  interference  with 
radio  reception. 


•  The  International  Special  Committee  on  radio 
Interference  (CISPR),  whose  role  is  to 
develop  the  international  EMC  Standards; 

•  The  Society  of  Automotive  Engineers  (SAE), 
founded  in  1905,  that  operate  in  the  field  of 
terrestrial,  aeronautic  and  naval  vehicles; 

•  The  American  National  Standard  Institute 
(ANSI),  a  federation  that  includes  industries, 
federal  agencies  and  financial  groups,  with 
the  aim  of  co-ordinating  the  development  of 
Standards  in  the  private  sector; 

•  The  Verband  Deutdscher  Elektrotechniker 
(VDE),  a  non-governmental  German 
association  that  prepares  the  regulations  for 
electrical  systems,  in  co-operation  with  the 
German  Institute  for  the  Standardisation; 

•  The  Economic  European  Community  (CEE); 
whose  role  is  to  harmonise  the  regulations  in 
the  context  of  the  Community; 

•  The  CENELEC,  that  is  an  association  of  17 
technical  national  Committees  in  Europe  with 
the  aim  of  technical  co-ordination  among  the 
Standards  in  order  to  achieve  their  unification 
for  a  free  exportation  of  the  equipment  in  the 
Countries  inside  the  Community. 

In  addition  to  the  above  listed  Organisation  is 
also  important  to  mention  the  existence  of  many 
others  national  bodies. 

Among  the  numerous  Documents  produced 
is  significant  to  mention  the  following: 


-  VDE  Regulations  (Germany), 

CISPR  Specifications  (Intern. Commitee), 
FCC  Regulations  (USA), 

CENELEC  Regulations  (EN)  (Europe), 

CEI  Regulations  (Italy) 

IEC  Specifications  (Intern.  Commitee) 

-  IEEE  Standards  (UK), 

ANSI  Specifications  (USA), 

DO-1 60D  Procedures  (USA), 

BS  Standards  (UK), 

etc. 


In  conclusion  of  this  brief  and  clearly  not 
exhaustive  explanation  of  what  is  underway  in  the 
World,  it  is  possible  to  underline  that  there  are 
many  differences  between  the  military  and  civil 
EMC  standards  [2],  These  differences  concern  the 
primary  aims  of  the  standards  which  address  the 
principal  problems  arising  from  their  respective 
operating  environments. 

Military  EMC  specifications  primarily 
concentrate  on  intra-system  compatibility  of  sub- 
assemblies,  in  order  that  complete  system  level 
compatibility  is  achieved  in  a  potentially  high 
packing  density  situation. 

On  the  other  hand,  the  civil  standards  are 
more  concerned  with  the  inter-system 
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compatibility  and  generally  involve  greater 
protection  distances. 

These  guidelines  have  been  drafted  taking 
into  consideration  the  differences  between  civil 
and  military  environments,  test  methods  and 
procedures. 

In  this  very  complicated  area,  as  far  as  the 
naval  EM  environment  is  concerned,  the  NATO 
SWG-10,  with  the  support  of  other  NATO  bodies 
in  order  to  achieve  a  unified  methodology  in 
solving  the  problem,  is  approaching  the  matter  of 
the  harmonisation  of  the  civil  and  military 
standards,  in  consideration  of  the  widely  adopted 
use  of  COTS  equipment  in  the  Navies  and  their 
installation  on  board  of  a  naval  platform  and  of 
their  co-location  with  military  equipment  in  the 
reduced  spaces  typical  on  board  of  a  ship,  and  is 
producing  efforts  in  order  to  assure  the  EM 
compatibility  among  them  in  the  way  exposed  at 
the  next  paragraph. 

4.  SWG-10  APPROACH  TO  THE 
HARMONIZATION 

[3]  Over  these  last  ten  years  there  has  been 
a  significant  decline  in  many  national  Defence 
budgets  and  a  need  to  rethink  how  equipment 
could  be  procured. 

One  of  the  easiest  solutions  is  to  procure 
“Commercial  Off  The  Shelf'  (COTS)  equipment. 

Consequently,  COTS  equipment  has  allowed 
the  armed  Services  to  obtain  state-of-the-art 
technology  faster  and  cheaper  than  before. 

However,  the  problem  with  most  COTS 
equipment  is  that  it  has  been  built  to  commercial 
standards  and  assessments,  that  may  differ  from 
the  ones  needed  to  ensure  that  the  equipment  will 
work  in  a  harsh  EM  environment,  where  there  are 
strict  controls  on  the  amount  of  EM  emissions, 
and  equipment  is  required  to  have  a  high  level  of 
immunity  over  a  wide  frequency  band. 

In  particular  the  naval  EM  environment,  that 
is  being  studied  by  the  NATO  SWG-10,  is  an 
extremely  harsh  workplace,  where  equipment 
must  operate  in  close  proximity  to  many  high 
power  emitters,  such  as  HF  transmitters  and 
radars,  which  generate  high  field  strength  over 
different  frequency  band. 

To  begin  with  the  naval  environment  can  be 
categorised  in  two  following  main  areas: 

The  “Above  Deck”,  typical  of  the  outside 
of  surface  ship; 

The  “Below  deck”,  divided  in  three 
different  environments:  metallic  hull,  non- 
metallic  hull  and  submarines. 

Obviously  the  “Above  Deck”  is  the  harsher 
EM  environment  and,  as  a  consequence,  the 


“Above  decks’  "  equipment  must  have  the  higher 
level  of  immunity  and  produce  very  low  levels  of 
unintentional  emissions. 

The  “Below  Deck’  “  environment,  due  to  the 
metallic  screening  nature  of  metallic  hull  and  its 
superstructure  is  less  stressed  and  in  some 
respects  is  more  like  the  industrial/commercial 
environments,  with  more  restrictions. 

In  such  a  context  the  urgent  need  to  address 
the  problem  has  been  recognised  inside  the 
SWG-10. 

Due  to  the  fact  that  in  these  last  forty  years 
various  technical  Documents,  Regulations, 
Specifications,  Standards  etc.,  have  been 
produced  inside  Nations  and  in  the  International 
context,  both  for  military  and  civil  application,  the 
SWG-10,  considering  the  complexity  of  the 
matter,  has  recognised  the  need  of  understanding 
in  advance  the  implications  of  choosing  one 
standard  over  another,  verifying  the  deriving 
advantages  and  the  associated  risks  from  the 
choice  done. 

In  order  to  achieve  this  knowledge,  it  is 
deemed  important  to  investigate  the  existing 
Standards  of  relevant  interest,  both  military  and 
civil,  searching  for  evidence  of  the  difference 
between  them,  and  identifying  application  fields, 
limits,  benefits  and  any  other  relevant  aspects. 

This  policy  emerges  in  the  works  prepared 
for  the  Special  Session  dedicated  to  the  SWG-10 
Group  in  the  EMC  Symposium  2000  in  Wroclaw. 

The  presentations  have  been  grouped  in 
specialised  Sub-Sessions,  in  compliance  with  the 
undertaken  policy-  lines  explained  in  the  following 
points. 

(1)  The  comparison  of  existing  EMC  military 
standards  with  the  civil  Standards,  by  means 
of  the  analysis  of  limits,  frequency  bands  and 
constrains; 

(2)  The  definition  of  Standard  procedures  for 
simulation,  prediction  and  modelling,  with  the 
double  aim  of  verifying  the  existing  Standards 
by  means  of  software  tools  and  laying  the 
basis  for  future  developments  of 
standardised  methods  for  modelling 
considered  useful  in  ship  design; 

(3)  The  analysis  of  the  out-coming  results 
deriving  from  the  application  of  the  existing 
standards  in  EMC  testing  and 
measurements; 

(4)  The  evaluation  of  the  correlated  aspects,  like 
the  costs,  the  lessons  learned  adopting  some 
Standards,  the  necessity  of  appropriate 
training  for  the  apposite  personnel,  in  order  to 
avoid  or  eventually  solve  the  EMC  problems 
arising  on  board,  and  so  forth. 


20 


This  approach  represents,  obviously,  the  first 
attempt  to  resolve  a  problem  that  requires 
intensive  work  in  order  to  identify,  or  eventually 
develop,  harmonised  Standards  to  be  applied  in 
both  a  civilian  and  military  context. 

In  this  area  SWG-10  will  continue  its  work 
having  given  to  the  matter  the  highest  importance 
and  priority. 

5.  CONCLUSIONS 

The  military  naval  EM  environment  is 
recognised  to  be  more  severe  than  the  residential, 
commercial  and  industrial  environment. 

Based  upon  a  technical  rationale,  compliance 
with  the  appropriate  class  of  military  standards  will 
ensure  conformity  with  the  protection 
requirements  for  COTS  equipment. 

The  total  set  of  requirements  (2]  for  the 
apparatus  to  be  used  both  for  military  and  civilian 
purpose  should  comprise  a  core  of  EMC  tests 
common  to  both  the  military  and  civil  environment, 
to  be  used  in  the  presence  of  common 
phenomena  and  additional  conformity 
requirements  to  address  specific  typical  military 
EM  phenomena  not  covered  by  civil  standards 

Manufacturers  of  civilian  equipment  need  to 
be  aware  that  there  are  EMC  requirements  over 
and  above  those  required  by  civil  specifications,  if 
the  apparatus  is  also  to  have  a  military 
application. 

In  this  way  the  apparatus  intended  for  dual 
use  (both  civilian  and  military)  placed  on  the 
market  will  satisfy  the  protection  requirements  of 
the  basic  directive,  will  be  supplied  with  a  valid 
declaration  of  conformity  and  instructions  for 
installation  and  will  be  capable  of  being  updated 
and  modified,  by  a  kit,  in  the  case  of  application  in 
a  stressed  military  environment. 

On  the  other  hand,  manufacturers  of  military 
apparatus  should  consider  the  likelihood  of  the 
apparatus  causing  electromagnetic  disturbance 
on  equipment  not  specifically  designed  to  be 
compatible  in  the  same  reduced  space  of  a  naval 
environment. 

Where  that  disturbance  is  liable  to  degrade 
the  performances  of  other  apparatus  which  might 
reasonably  be  expected  to  be  present  in  the 
environment  associated  with  the  military 
apparatus’  use,  prudent  measures  should  be 
taken  “in  loco"  to  reduce  or  eliminate  that 
disturbance. 

However,  today,  the  task  of  harmonising 
military  and  civilian  E3  standards  appears  very 
complicated,  considering  that  the  existing 
Standards  have  been  written  by  different  national 
or  international  Organisations  with  different 
purposes,  but  the  significant  benefits  that  can  be 


achieved,  in  terms  of  parity  of  performance,  cost 
reduction,  comparable  quality  of  the  products, 
etc.,  are  so  desirable  that  it  is  important  to 
continue  as  begun,  through  the  selection  of  the 
most  appropriate  standards. 

This  being  so,  guidance  to  the  correct  choice 
of  standards  is  important,  when  considering  the 
acquisition  of  COTS  equipment  for  use  in  a 
military  environment. 

Thus,  there  is  a  need  to  look  more  closely  at 
the  harmonisation  of  civil  and  military  standards 
and  the  likely  impact  of  choosing  one  over  the 
other. 

In  order  to  achieve  this  goal,  it  is  important  to 
analyse  each  relevant  standard,  giving  evidence 
of  the  differences  between  them,  by  means  of 
comparison,  tests  and/or  using  modelling  for 
simulation  and  prediction,  evaluating  risks  and 
implication,  before  selecting  or  developing  new 
standards  suitable  for  the  dual  use. 

According  to  this  policy,  in  the  last  few  years 
NATO  SWG-10  is  moving  in  co-operation  with 
other  NATO  bodies  involved,  with  the  aim  of 
achieving  a  unified  approach  to  the  problem,  not 
only  confined  to  the  naval  aspects  but  also 
embracing  the  complete  area  of  EMC. 
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Problem  of  unintended  interference  noise 
in  radiocommunication  networks  is  discussed 
from  information-theoretic  perspective  and  placed 
into  a  context  of  congestion  of  the  radio  fre¬ 
quency  spectrum.  The  congestion  reduces  the 
capacity  of  radiocommunication  links,  an  aspect 
absent  in  Shannon’s  formula  on  channel  capacity. 
The  paper  proposes  a  quantitative  measure  to 
deal  with  congestion  issues  and  a  correction  to 
Shannon's  formula. 


Introduction 

Technological  progress,  economical  processes 
and  social  changes  are  making  the  Information 
Technology  Sector  one  of  the  most  important  for 
modern  society.  Its  significance  relative  to  the 
other  sectors  of  economy  increases.  Figure  1  il¬ 
lustrates  the  trend.  The  total  amount  of  informa¬ 
tion  offered  to  assure  normal  functioning  of  the 
society  increases  faster  than  the  Gross  Domestic 
Product  does.  That  phenomenon,  registered  first 
in  Japan,  is  shown  in  Figure  2.  These  trends  lead 
us  toward  the  Global  Information  Infrastructure 
and  Global  Information  Society. 

Within  the  Information  Technology  Sector,  we  wit¬ 
ness  the  renaissance  of  radio.  Radio  waves  as 
communication  channel  offer  a  number  of  bene¬ 
fits  in  comparison  with  wires  and  cables.  Their 
unique  characteristic  is  the  ability  to  transmit  in¬ 
formation  any  time  and  any  place,  between  any 
points,  mobile  or  fixed,  on  the  earth  or  even  in  the 
interplanetary  space. 


The  benefits  offered  by  radio  waves  have  caused 
a  phenomenal  growth  of  radiocommunication  ser¬ 
vices  and  applications  during  the  recent  years. 
For  instance,  the  worldwide  population  of  mobile 
phones  reached  roughly  285  million  in  1998,  and 
number  of  new  mobile  telephone  subscribers  in¬ 
creased  from  4  million  in  1990  to  75  million  in 
1998.  Before  you  finish  reading  this  page  (which 
may  take  two  minutes  or  so),  about  five  hundred 
new  wireless  telephones  will  be  put  into  operation 
within  the  limited  frequency  band  available  to  that 
service.  All  other  radio  services  and  applications 
have  also  grown.  That  growth  is  expected  to  con¬ 
tinue  in  the  foreseeable  future,  leading  to  an  un¬ 
precedented  increase  of  congestion  of  the  radio 
frequency  spectrum. 

How  radio  systems  will  operate  under  such  con¬ 
gestion?  A  lot  of  work  has  been  done  on  that 
problem.  Only  a  few  weeks  ago  the  Radiocom¬ 
munication  Assembly  and  World  Radio  Confer¬ 
ence  of  International  Telecommunication  Union 
(ITU),  the  WRC  Istanbul  2000,  discussed  various 
aspects  of  the  problem  (although  the  term 
“congestion”  did  not  appear  explicitly  in  their 
agendas).  The  spectrum  congestion  problem  was 
raised  by  R.  Kirby  and  this  author  at  the  XXII 
URSI  General  Assembly  in  1987  [6],  A  special 
URSI  working  group  on  spectrum  management/ 
utilization  and  wireless  telecommunications  was 
created  that  continues  until  now.  Discussions 
within  URSI  culminated  with  a  special  lecture 
closing  the  XXVI  Assembly  in  1999  [1],  In  that 
lecture,  entitled  "Spectrum  Congestion",  W.  Baan 
and  P.  Delogne  presented  a  comprehensive 
analysis  of  the  current  status-of-the-art. 


Note:  The  views  expressed  in  the  article  are  those  of  the  author  and  do  not  engage  any  entity.  The  article 
develops  ideas  proposed  in  correspondence  [9]. 
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Figure  1  Annual  growth  rate  of  Information  Tech¬ 
nology  Sector  over  previous  three  years  (%)  com¬ 
pared  with  the  rest  of  economy  (USA,  1991  -  98). 


This  article  extends  further  considerations  offered 
in  [1].  It  approaches  the  problem  from  informa¬ 
tion-theoretical  perspective  and  proposes: 

•  a  quantitative  measure  of  spectrum  con¬ 
gestion,  potentially  applicable  to  system 
design  and  spectrum  management  prob¬ 
lems 

•  a  correction  to  Shannon's  formula  on  ca¬ 
pacity  of  radio  channel. 

The  article  is  organized  as  follows.  First,  we  dis¬ 
cuss  the  channel  capacity  limit  in  conjunction  with 
environmental  interactions,  and  we  introduce  a 
concept  of  isolation  of  radio  link.  Then,  a  correc¬ 
tion  to  Shannon's  formula  is  proposed  and  a  con¬ 
cept  of  capacity  loss  due  to  spectrum  congestion 
is  discussed,  along  with  its  consequences.  Possi¬ 
ble  ways  of  reducing  the  loss  are  mentioned  and 
illustrative  examples  are  discussed.  The  exam¬ 
ples  idealize  situations  that  may  happen  in  prac¬ 
tice.  The  last  section  summarizes  our  findings. 


Environment  &  Shannon's  Limit 
Shannon's  Formula 

Claude  Shannon  showed  [5]  that  the  maximum 
amount  of  information  (C0)  that  a  communication 
link  can  transport  in  unit  time  and  unit  bandwidth 
is  limited: 

C0  =  log2(1  +  q)  (1) 

Here  q  is  the  power  ratio  (q  =  S/N)  of  wanted  sig¬ 
nal  (S)  to  the  total  noise  (N)  at  the  receiver.  For 
instance,  if  q  =  1,  then  C0  =  log2(1  +  1)  =  1  bit  per 
Hertz  per  second.  With  constant  q,  the  volume  of 


Figure  2  Growth  of  the  volume  of  information  of¬ 
fered,  compared  with  the  growth  of  the  Gross  Do¬ 
mestic  Product  (Japan,  1979  -  89). 


information  transmitted  by  a  channel  in  unit  time 
is  proportional  to  the  bandwidth.  Shannon  did  not 
say  how  to  design  the  communication  channel  to 
reach  that  limit.  However,  his  formula  has  widely 
been  accepted  as  useful  reference  to  which  vari¬ 
ous  communication  systems  can  be  compared. 
Practical  systems  can  only  approximate  this  theo¬ 
retical  limit.  The  best  systems  can  reach  0.1  dB  or 
so  below  the  Shannon's  limit,  according  to  Ri- 
moldi  [4], 

Environmental  Influence 

The  Shannon's  limit  was  derived  for  an  isolated 
communication  link.  However,  no  radiocommuni¬ 
cation  link  can  be  isolated  from  its  environment. 
Due  to  basic  laws  of  physics,  the  non-guided  ra¬ 
dio  waves  used  for  radio  communications  cannot 
be  confined  to  any  specific  volume. 

When  a  number  of  neighbouring  radio  links  oper¬ 
ate  at  the  same  time  and  frequency,  a  part  of 
power  transported  by  radio  waves  penetrates 
from  one  link  to  another  and  adds  to  the  link's 
noise  power.  The  process  involves  the  receiving 
end  of  the  victim  link  and  the  radiating  ends  of  the 
other  links  ("radiators"). 

This  aspect,  specific  to  radio  channel,  is  absent  in 
Shannon's  general  model  of  communication 
channel  [5],  It  is  also  absent  in  works  of  other  au¬ 
thors  (including  Baan  and  Delogne  [1])  who,  fol¬ 
lowing  the  Shannon's  example,  disregard  envi¬ 
ronmental  interactions  (see  eg  [2]).  In  the  follow¬ 
ing  sections,  we  revisit  the  issue.  We  will  see  that 
environmental  interactions  play  critical  role  in 
congested  environment. 
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Figure  1  Annual  growth  rate  of  Information  Tech-  Figure  2  Growth  of  the  volume  of  information  of- 

nology  Sector  over  previous  three  years  (%)  com-  fered,  compared  with  the  growth  of  the  Gross  Do- 
pared  with  the  rest  of  economy  (USA,  1991  -  98).  mestic  Product  (Japan,  1979  -  89). 


This  article  extends  further  considerations  offered 
in  [1].  It  approaches  the  problem  from  informa¬ 
tion-theoretical  perspective  and  proposes: 

•  a  quantitative  measure  of  spectrum  con¬ 
gestion,  potentially  applicable  to  system 
design  and  spectrum  management  prob¬ 
lems 

•  a  correction  to  Shannon's  formula  on  ca¬ 
pacity  of  radio  channel. 

The  article  is  organized  as  follows.  First,  we  dis¬ 
cuss  the  channel  capacity  limit  in  conjunction  with 
environmental  interactions,  and  we  introduce  a 
concept  of  isolation  of  radio  link.  Then,  a  correc¬ 
tion  to  Shannon's  formula  is  proposed  and  a  con¬ 
cept  of  capacity  loss  due  to  spectrum  congestion 
is  discussed,  along  with  its  consequences.  Possi¬ 
ble  ways  of  reducing  the  loss  are  mentioned.  Il¬ 
lustrative  examples  are  discussed  in  the  annex. 
The  last  section  summarizes  our  findings. 


Environment  &  Shannon's  Limit 
Shannon's  Formula 

Claude  Shannon  showed  [5]  that  the  maximum 
amount  of  information  (C0)  that  a  communication 
link  can  transport  in  unit  time  and  unit  bandwidth 
is  limited: 

C0  =  log2(1  +  q)  (1) 

Here  q  is  the  power  ratio  (q  =  S/N)  of  wanted  sig¬ 
nal  (S)  to  the  total  noise  (N)  at  the  receiver.  For 
instance,  if  q  =  1,  then  C0  =  log2(1  +  1)  =  1  bit  per 
Hertz  per  second.  With  constant  q,  the  volume  of 


information  transmitted  by  a  channel  in  unit  time 
is  proportional  to  the  bandwidth.  Shannon  did  not 
say  how  to  design  the  communication  channel  to 
reach  that  limit.  However,  his  formula  has  widely 
been  accepted  as  useful  reference  to  which  vari¬ 
ous  communication  systems  can  be  compared. 
Practical  systems  can  only  approximate  this  theo¬ 
retical  limit.  The  best  systems  can  reach  0.1  dB  or 
so  below  the  Shannon's  limit,  according  to  Ri- 
moldi  [4], 

Environmental  Influence 

The  Shannon's  limit  was  derived  for  an  isolated 
communication  link.  However,  no  radiocommuni¬ 
cation  link  can  be  isolated  from  its  environment. 
Due  to  basic  laws  of  physics,  the  non-guided  ra¬ 
dio  waves  used  for  radio  communications  cannot 
be  confined  to  any  specific  volume. 

When  a  number  of  neighbouring  radio  links  oper¬ 
ate  at  the  same  time  and  frequency,  a  part  of 
power  transported  by  radio  waves  penetrates 
from  one  link  to  another  and  adds  to  the  link's 
noise  power.  The  process  involves  the  receiving 
end  of  the  victim  link  and  the  radiating  ends  of  the 
other  links  ("radiators"). 

This  aspect,  specific  to  radio  channel,  is  absent  in 
Shannon's  model  [5],  It  is  also  absent  in  works  of 
other  authors  (including  the  review  by  Baan  and 
Delogne  [1])  who,  following  the  Shannon's  exam¬ 
ple,  disregard  environmental  interactions  (see  eg 
[2]).  In  the  following  sections,  we  revisit  the  issue. 
We  will  see  that  environmental  interactions  play 
critical  role  in  congested  environment. 
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Figure  3  Capacity  of  radio  link  (C)  increases  with 
isolation  index  (a)  and  signal-to-noise  ration  (q). 
The  top  line  represents  the  Shannon’s  limit  (1). 


Isolation  Factor 

To  discuss  spectrum  congestion  issues  in  an  un¬ 
ambiguous  way,  we  need  an  objective,  quantita¬ 
tive  measure.  For  that  purpose,  we  propose  the 
"Coupling  Index”  or  "Congestion  Index”  (a*),  and 
associated  complementary  "Decoupling  Factor", 
"Isolation  Factor or  "Isolation  Index"  (a).  These 
are  defined  as  the  power  ratio  of  “environmental” 
noise  component  (I),  or  "internar  noise  compo¬ 
nent,  to  the  total  noise  (N  +  I)  at  the  receiver  in¬ 
put: 

a*  =  I  /  (N  +  I)  (2) 

a  =  N  /  (N  +  I)  (3) 

The  indexes  are  dimensionless  and  their  numeri¬ 
cal  values  are  conveniently  confined  between  one 
and  zero.  When  there  is  no  environmental  noise 
component  (I  =  0),  the  coupling  index  equals  zero 
and  isolation  index  is  one.  When  the  environ¬ 
mental  noise  and  internal  noise  are  equal  each 
other,  the  both  indexes  reach  1/2.  Note  that  by 
definition  there  is  always  a  +  a*  =  1 . 

Correction  to  Shannon's  Limit 

The  Shannon’s  limit,  when  applied  to  radiocom¬ 
munication  links  gives  too  optimistic  estimates. 
For  better  estimation  of  the  maximum  capacity  of 
a  radio  link  operating  in  congested  environment, 
his  formula  has  to  be  modified. 

As  the  link  capacity  is  limited  by  the  total  noise,  it 
is  sufficient  to  replace  the  background  link  noise 
(N)  in  equation  (1)  by  the  total  noise  (N  +  I).  After 


Figure  4  Loss  of  radio  link  capacity  decreases 
with  the  isolation  index  (a)  and  signal-to-noise  ra¬ 
tio  (q).  Co  is  the  Shannon's  limit  for  isolated  link. 


substitution,  we  receive  corrected  formula  on 
maximum  capacity  of  a  radio  link  operating  in 
congested  environment: 

C  =  log2[1  +  S  /  (N  +  I)]  =  log2(1  +  aq)  (4) 

in  contrast  to  the  original  Shannon's  formula  (that 
involves  only  one  variable),  the  equation  above 
introduces  additional  parameter  -  isolation  index 
(a).  Figure  3  illustrates  this  relation. 


Capacity  Loss 

Equation  (4)  conveys  a  straightforward  message: 
capacity  of  a  radio  link  in  congested  environment 
is  always  less  than  it  would  be  if  the  link  were  op¬ 
erating  in  isolation.  That  loss  in  the  capacity  de¬ 
pends  on  two  parameters:  the  isolation  index  (a) 
and  signal-to-noise  power  ratio  (q)  of  isolated  link. 
Could  the  difference  be  significant?  Assume,  for 
instance,  a  link  with  q  =  1 ,  as  in  the  previous  ex¬ 
ample.  With  a  =  0.5  the  link  is  theoretically  capa¬ 
ble  to  transmit  C  =  log2(1  +  0.5)  =  0.58  bit  per 
Hertz  per  second.  This  contrasts  with  the  poten¬ 
tial  link  capacity,  which  is  1 .7  times  greater! 

From  equations  (1)  and  (4)  we  obtain  the  relative 
link  capacity  (C/C0) 

C/C0=[log2(1  +aq)]/[log2(1  +  q)]  (5) 

Figure  4  illustrates  the  relation. 
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Note  that  the  capacity  loss  due  to  the  environ¬ 
mental  influences  depends  on  two  parameters 
only:  a  and  q. 

Relative  Loss  =  [(C0  -  C)  /  C0]  =  =  1  -  C/C0 
Absolute  Loss  =  (C0  -  C)  =  log2[(1  +  q)  /  (1  +  aq)] 

Multiple-Link  Interactions 

When  there  are  many  radio  links  (not  necessarily 
belonging  to  any  common  network),  each  link  can 
interact  with  all  remaining  links.  If  ly,  denotes  the 
noise  component  of  i-th  radio  link  due  to  radiation 
from  j-th  radio  link,  and  K  denotes  the  total  num¬ 
ber  of  links,  then  the  noise  power  at  i-th  link  com¬ 
ing  from  all  other  links  is 

l| =  (6) 

where  i,  j  =  1,2, ....  K,  apc|  i*j. 

The  isolation  coefficient  ar)cj  capacity  of  i-th  link 
are 

as  =1  /  [1  +  I,  /  NJ  (7) 

Cj  =  log2(1  +  afli)  (8) 

The  total  capacity  of  all  interacting  links  together 
is  simply  the  sum  of  capacities  of  individual  links: 

Ce  =  Ci  +  C2  +  . . .  +  C«  = 

-  log2{TIj(1  +  afli)},  i  =  1 , 2 . K  (9) 

Note  that  it  depends  on  the  isolation  indexes  of 
each  individual  link  a„  As  a,  <  1,  that  capacity  is 
always  smaller  than  the  capacity  of  the  same 
links  operating  in  isolation,  when  a,  =  1 : 

Coe  =  log2{rii(1  +qi)},i\=1,2 . K.  (10), 

The  relative  loss  of  transmission  capacity  due  to 
environmental  interactions  equals  (1  -  C2/  C0E). 

Identical  Contributions 

If  all  K  links  and  their  mutual  interactions  were 
identical  (aj  =  a1f  and  q(  =  q^,  then  these  equa¬ 
tions  simplify: 

Cz  =  K  log2(1  +  a^i),  (11) 

Coe  =  K  log2(1  +  qi)  (12) 

Cs  /  Cos  =  log2(1  +  aiqO  /  log2(1  +  qO  (1 3) 

In  this  particular  case,  C£  /  C0e  would  be  the  same 
as  for  any  individual  link,  independently  on  the 
number  of  the  links.  Such  a  case  is  illustrated  in 
Figure  4.  However,  in  any  limited  set  of  radio 
links,  receivers  centrally  located  suffer  more 
noise  than  those  located  at  the  perimeter,  and  the 
equation  above  is  approximate. 


Practical  Cases 

The  idealised  examples  discussed  in  the  annex 
illustrate  the  dependence  of  the  isolation  index  of 
a  radio  link  on  geometrical  deployment  and  tech¬ 
nical  characteristics  of  equipment.  Impact  of  such 
parameters  as  the  number  and  disposition  of 
neighbouring  links,  power  radiated,  and  antenna 
directive  patterns  is  analysed  under  simplifying 
assumptions. 

Actually,  the  capacity  loss  depends  on  a  number 
of  additional  variables,  such  as  operating  fre¬ 
quencies,  signal  processing  gain,  radio  wave 
propagation  and  terrain  obstacles  effects,  etc.  In 
addition,  spurious  radio  channels  must  be  taken 
into  account.  The  real-life  systems  may  require 
sophisticated  models,  statistical  approach,  and 
simulation  techniques  (see  eg  [7]). 


Congestion  Consequences 

A  growing  number  of  radio  stations  in  operation 
increase  noise  component  due  to  unwanted 
power  penetrating  from  environment.  This  in  turn 
deteriorates  the  capacity  of  the  links  involved. 
Consequently,  a  smaller  volume  of  information 
can  be  transmitted  in  a  given  time  and  bandwidth, 
and  smaller  number  of  users  can  enjoy  the  bene¬ 
fits  of  radio.  Additional  bandwidth,  or  longer  trans¬ 
mission  time,  (or  both)  is  necessary  to  transmit  a 
given  amount  of  information.  Note  that  increase 
of  signal  power  by  all  radio  links  will  not  help,  as 
signal-to-noise  ratio  would  remain  without 
change.  All  this  means  that  additional  communi¬ 
cation  means  are  necessary  to  keep  the  total 
transmission  capacity  at  its  original  level.  Ironi¬ 
cally,  if  these  additional  communication  means 
use  radio  waves,  the  spectrum  congestion  may 
not  decrease! 

Price  to  paid 

The  congestion  of  the  radio  spectrum  implies  in¬ 
creased  costs.  It  is  evident  when  additional  com¬ 
munication  means  have  to  be  installed,  or  exist¬ 
ing  means  modified.  With  no  such  changes  in¬ 
volved,  the  cost  increase  can  be  evaluated  bas¬ 
ing  on  the  capacity  loss,  as  smaller  volume  of  in¬ 
formation  can  be  transmitted  in  unit  time, 
whereas  the  transmission  costs  remain  un¬ 
changed.  These  increased  costs  will  ultimately  be 
transferred  on  the  consumer  shoulders,  as  other¬ 
wise  the  service  providers  would  bankrupt.  Thus, 
whole  society  will  pay  the  price. 

Moreover,  there  are  losses  that  are  difficult  to 
translate  into  money.  In  some  applications,  the 
capacity  loss  might  cause  irreparable  harm. 


26 


Figure  5  Isolation  index  of  isotropic  links  de¬ 
creases  with  distance  ratio  (Dwr/Dur)  and  power 
ratio  (qPu/Pw) 


Figure  6  Radiators  create  a  circular  ring.  The  vic¬ 
tim  receiver  is  located  centrally  on  the  disk,  or  at 
height  h  above  it. 


We  will  begin  with  two  fixed  interacting  radio  links 
operating  at  the  same  time  and  at  the  same  fre¬ 
quency  in  free  space.  Then,  we  will  increase  the 
number  of  discrete  radiators.  When  the  radiators 
are  concentrated  with  great  density  one  close  to 
another,  distributed  models  may  be  more  conven¬ 
ient;  we  discuss  two  such  models.  We  have  to 
note  that  the  racBators  not  necessarily  must  be 
transmitting  radio  stations;  they  may  be  also  other 
radio  frequency  apparatuses  such  as  microwave 
ovens,  or  other  ISM  equipment  [12].  ISM  stays  for 
operation  of  equipment  or  appliances  intended  to 
generate  and  use  locally  radio  frequency  energy 
for  industrial  scientific,  medical,  domestic  or  simi¬ 
lar  purposes,  excluding  applications  in  the  field  of 
telecommunications  [4]. 

Two  Links,  Isotropic  Antennas 
With  isotropic  antennas,  the  power  of  wanted  sig¬ 
nal  (S)  at  the  receiver  input  is  [2] 

S  =  Pw  [W(4tiDwr)]2.  (1) 

Here,  X  is  the  wavelength,  Pw  is  power  radiated 
by  the  wanted  transmitter  of  the  link,  and  Dwr  is 
the  span  of  the  link.  Similarly,  the  environmental- 
noise  power  is 

I  =  Pu  M47tDUR)]2.  (2) 

Pu  is  the  power  radiated  from  the  unwanted  radia¬ 
tor,  and  Dur  is  the  distance  from  the  victim  re¬ 
ceiver  to  the  unwanted  radiator.  As  the  signal  to 
noise  ratio  of  the  isolated  link  is  q,  thus  its  noise 
power  is 

N  =  S  /  q  =  (Pw  /  q)  WtcDwr)]2.  (3) 


The  isolation  index  of  the  radio  link  under  consid¬ 
eration  is  therefore 

a  =  1  /  (1  +  l/N)  = 

=  1  /  {1  +  q[(Pu  /  Pw)  (Dwr  /  Dur)2]},  (4) 

Two  Links,  Directive  Antennas 
When  the  links  have  directive  antennas,  the  sig¬ 
nal  power  and  interference  power  are  modified: 

S  =  S*  (GrwGwr)  (3) 

I  =  I*  (GruGur)  (®) 

Here,  S*  and  I*  are  the  signal  and  noise  with  iso¬ 
tropic  antennas.  Gru  and  Grw  are  the  receiving 
antenna  gain  in  direction  of  the  wanted  (W)  and 
unwanted  (U)  transmitters.  Similarly,  Gur  and 
Gwr  are  the  transmitting  antenna  gain  of  the  two 
links  in  direction  of  the  receiver. 

The  isolation  index  of  the  link  is  now  modified  by 
the  directive  antenna  gains 

a  =  1  /  [1  +  q  (Pu  /  Pw)  (Dwr  /  Dur)2  Rat],  (7) 

Rat  is  the  ratio  of  the  antenna  gains: 

Rat  =  (Gur  /  Gwr)  (Gru  /  Grw).  (®) 


Multiple-Radiator  Environment 
Figure  6  shows  specific  deployment  of  equipment 
in  which  the  victim  receiver  receives  identical 
portions  of  noise  power  (h)  from  each  of  K 
isotropic  radiators  from  the  neighbourhood. 
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Figure  7  Isolation  index  (a)  of  radio  link  de¬ 
creases  with  the  number  of  other  links  in  the 
neighbourhood  (K) 


Figure  8  Capacity  of  radio  link  Ck  decreases  with 
the  number  of  other  links  (k).  Co  is  the  Shannon's 
capacity  of  isolated  link. 


In  such  a  case,  the  resultant  environmental  noise 
power  I  is  K  times  the  individual  component,  I  =  K 
li,  and  the  isolation  index  of  the  victim  link 
amounts 

a  =  1/  [1  +  K  h  /  N]  (9) 

Let  a  =  ai  for  K  =  1 ,  that  is  ai  =  1  /  [1  +  h  /  N], 
Thenl1/N  =  [(1/a,)-1]and 

a  =  1/  {1  +  K  [(1  /  ai)  - 1)]}  (10) 

This  relation  is  shown  in  Figure  7. 

Therefore, 

C  =  log2(1  +q/{1  +K[(1/a1)-1)]})  (11) 

This  relation  is  illustrated  in  Figure  8. 

Note  that  these  equations  holds  also  when  the 
radiators  are  located  on  a  spherical  surface 
around  the  victim  receiver.  They  can  also  be  used 
to  more  general  case  when  the  radiators  are  lo¬ 
cated  on  a  number  of  concentric  rings  or  concen¬ 
tric  spheres. 


Radiators  Distributed  on  Line 

Figure  9  shows  an  example  of  spatial  deployment 
of  equipment,  where  identical  isotropic  radiators 
are  distributed  uniformly  along  a  segment  of 
straight  line  with  the  density  of  ko  radiators  per 
unit  length.  The  victim  receiver  is  located  sym¬ 
metrically  at  height  h  above  the  segment.  Each 
emitter  radiates  power  p0.  The  contribution  of  the 
closest  radiator  to  noise  power  at  the  victim  re¬ 
ceiver  is 

l0  =  Po(M47ih)2.  (12) 


The  total  length  of  the  segment  is  2Rmax,  and 
there  are  K  =  2koRmax  radiators  on  it,  with  the  total 
power  radiated 

Pu-  Kp0  —  2koPoRmax  (1 3) 

If  all  of  them  were  concentrated  at  the  central 
point,  the  noise  power  at  the  victim  receiver 
would  be 

I*  =  Pu  QJ4nh)2  (14) 

Actually,  the  noise  contribution  from  distant  radia¬ 
tors  is  smaller  that  that  coming  from  radiators  lo¬ 
cated  at  closer  distances.  Take  a  small  line  ele¬ 
ment  dr  at  distance  r  from  the  central  point.  Its 
distance  from  the  victim  receiver  is 

d  =  (h2  +  ?fa)  (15) 

Noise  power  radiated  by  that  element  amounts 
lr  =  ko  p0  dr  (16) 

With  isotropic  antennas,  noise  power  at  the  re¬ 
ceiver  is 

dl  =  d  lr(W47td)2  =  kopD(/V47i)2[  dr  /(h2+r2)]  (1 7) 

Noise  received  from  the  whole  line  segment  is  the 
sum,  of  dlr  over  all  radiating  elements,  or  integral 


/=  \di 

radiatinga  rea 


Substituting  for  dl  we  receive 


1  = 


^  koPo 
16tt2 


R  max  1 

l&M* 


(18) 
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Figure  9  Radiators  are  distributed  uniformly  on  a 
line  segment.  The  victim  receiver  is  above  the 
segment  at  height  h. 


The  indefinite  integral  is 


Substitution  for  the  integration  limits  gives 
(1/h)arctg(Rmax/h)  -  (1/h)arctg(-Rmax/h)  = 

=  (2/h)arctg(Rmax/h)  and 

I  =  QJ4n)2  (kopo/h)  2arctg(Rmax/h)  (20) 

By  multiplying  and  dividing  this  relation  by  Rnax, 
we  transform  this  equation  to  following  form: 

I  =  (X/4tc)2Pu  [(1  /(hRmax)]  arctg(Rmax/h)  (21 ) 

At  large  heights, 

(Rmax I  h)  «  1,  arctg  (Rmax I  h)  ~  (Rmax /  h),  and 

l0o~[(M47i)2]Pu/h2.  (22) 

It  is  as  if  all  emitters  were  concentrated  at  the 
centre;  noise  power  depends  on  the  total  power 
radiated  and  not  on  the  radiator  density.  At  low 
heights 

(Rmax/  h)  »  1,  arCtg  (Rmax  /  h)  ~  (tc  /2) , 

and 


Figure  10  Isolation  index  of  radio  link  (a)  in¬ 
creases  with  distance  to  linearly  distributed 
radiators  (h) 


It  depends  on  the  radiator  density  and  does  not 
depend  on  the  total  number  of  radiators.  The  ratio 
of  the  total  power  to  the  power  from  a  single 
(closest)  radiator  is 

l/l0  =  2(ko/h)arctg(Rmax/h)  (24) 

As  N  =  (Pw  /  q)  [/V(47iDwr)]2,  the  ratio  of  environ¬ 
mental  noise  to  internal  noise  is 

l/N=(qPu/Pw)[DwR2/(hRmax)]arctg(Rm3X/h)  (25) 

and  the  isolation  index  of  the  link  is  a  =  1/(1  +  l/N) 

Figures  10  and  1 1  illustrate  the  case. 


Radiators  Distributed  on  Disk 

Figure  12  shows  another  example  of  spatial  de¬ 
ployment  of  equipment.  Here,  identical  isotropic 
radiators  are  distributed  uniformly  on  a  plane  cir¬ 
cular  disk  and  the  victim  receiver  is  located  at 
height  h  above  the  disk  centre.  As  previously, 
each  radiator  radiates  power  p0.  The  total  area 
(A)  of  the  disk  of  Rmax  is  A  =  pRmax2,  and  the  total 
number  of  radiators  is 


K  —  Ako  —  ko7iRmax 

and  the  total  power  radiated  is 

Pu-  Kpo  -  koPc7lRmaX  .  (26) 

If  all  emitters  were  concentrated  at  the  disk  cen¬ 
tre,  the  noise  power  at  the  victim  receiver  would 
be 


I*  =  Pu  QJAnh)2 


l0  ~  (X/4)2k0p0/7ih 


(23) 


(27) 
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Figure  11  Capacity  loss  of  radio  link  (C)  increases 
with  distance  from  radiating  line  (h).  Co  is 
Shannon’s  capacity  of  isolated  link 


Figure  12  Radiators  are  distributed  on  a  disk.  The 
victim  receiver  is  located  symmetrically  above  the 
disk  at  height  h. 


Take  a  small  element  of  the  disk,  at  distance  r 
from  the  disk  centre.  The  distance  (d)  from  the 
victim  receiver  to  that  element  is 

d  =  (h2  +  r2)(1/2)  (28) 

In  polar  coordinates  (r,  cp),  the  elementary  surface 
is  dS  =  r  dr  dq>.  Noise  power  radiated  from  it 
amounts 

lr  =  ko  p0  dS  =  ko  p0  r  dr  dcp  (29) 

With  isotropic  antennas,  noise  power  received 
from  dS  is 

dl  =  dlr(A747td)2  (30) 

After  substitution  for  dlr  there  is 

dl  =kop0(M47i)2[r  dr  dcp  /(h2+r2)]  (31) 

Power  received  from  the  whole  disk  is  sum,  or 
surface  integral,  of  dl: 

/=  \\di 

radiating 

area 

Substituting  for  dl  we  receive 


(32) 


Substitution  for  the  integration  limits  gives 

(1/2)  [loge  (h2+  Rmax2)  -  loge  (h2)]  = 

=  (1/2)  loge  [1+  (Rmax/h)2]. 

In  the  second  integral  (involving  <p),  the  function  to 
be  integrated  does  not  depend  on  cp,  and  the  inte¬ 
gration  results  in  multiplication  by  2tc.  Finally, 

I  =  (X74tc)2]  koPo(27t)  (1/2)  loge[1  +  (Rmax/h)2]  (34) 

At  large  heights  above  the  disk, 

(Rmax/  h)2  «  1,  loge[1  +  (Rmax/h)2]  ~  (Rmax/h)2  and 

I  ~  (?V47t)27tkop0(Rmax  /  h)2  =  Pu  (/747th)2,  as 

Pu-  koPo7tRmax  (35) 

At  large  heights,  noise  depends  on  the  total 
power  radiated,  as  if  all  emitters  were  concen¬ 
trated  at  the  disk  centre.  At  low  heights  when 
(Rmax  /  h)2  »  1 , 

I  ~  [X.2/(8tt)]  ko  Po  loge(Rmax/h).  (36) 

It  means  that  at  low  heights,  the  total  noise  is  pro¬ 
portional  to  the  radiator  density  (ko)  and  to  power 
radiated  by  individual  radiator  (p0),  and  does  not 
depend  on  the  total  number  of  radiators. 

As  N  =  (Pw  /  q)  pj(47tDwR)]2,  the  ratio  of  environ¬ 
mental  noise  to  internal  noise  is 


The  first  integral  (within  the  square  brackets)  is 


l/N=  q(DwR/Rmax)2(Pu/Pw)loge[1+(Rmax/h)2]  (37) 

The  isolation  index  of  the  link  is  a  =  1  /  (1  +  l/N). 
Figure  1 3  illustrates  the  case. 
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Figure  13  Capacity  of  radio  link  (C)  decreases 
with  radiator  density  (ko).  Co  is  the  Shannon’s 
capacity  of  isolated  link 
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ABSTRACT 

Caused  by  the  tremendous  development  of  the  use 
of  electric  power,  of  electronic  equipment  and  of 
telecommunication  applications,  we  are  now  com¬ 
pletely  immersed  in  a  wide  and  complex  electro¬ 
magnetic  (EM)  environment.  This  EM  environment 
can  affect  all  aspects  of  our  life  and  one  of  the  ways 
for  mastering  the  situation  is  to  develop  appropriate 
regulations:  standards,  recommendations,  guide¬ 
lines,  (...A  great  technical  activity  takes  place  pres¬ 
ently  In  numerous  technical  organisations  and  in 
relevant  regulatory  authorities  (National  Authorities, 
EU  commission,  etc...).  Aim  of  this  paper  is  to  give 
an  overview  on  this  activity.  At  a  first  stage  it  will 
characterise  the  EM  environment  and  then  look  at 
three  related  domains  of  interest  -  or  of  concern: 
Electromagnetic  Compatibility,  Human  Exposure  to 
Electromagnetic  Fields,  Safety.  Some  general  con¬ 
clusions  will  be  drown  regarding  the  future  stand¬ 
ardisation  work. 

The  electromagnetic  (EM)  environment  influences 
nowadays  all  aspects  of  our  life:  the  equipment  we 
use  possibly  our  health,  possibly  our  safety  and  a 
need  arises  to  control  it  by  regulations.  The  paper 
aims  at  giving  an  overview  on  the  technical  stand¬ 
ardisation  work  involving  Electromagnetic  Fields: 
Electromagnetic  Compatibility  (EMC),  Health 
effects  of  the  fields  (EMF),  and  Safety  effects.  To 
give  a  complete  information  in  the  limited  frame¬ 
work  of  this  report  is  not  possible.  The  paper  will 
deal  only  with  the  organisation  of  the  work  and  the 
general  rules,  not  with  specific  standards.  It  will 
refer  mainly  to  the  activity  in  IEC  which  is  now  the 
most  important  world  wide  electrotechnical  stand¬ 
ardisation  body,  to  CENELEC  which  is  of  great 
importance  for  European  countries  (and  the  ones 
who  want  to  deal  with  them),  and  more  briefly  to 
other  organisations. 

A  further  aim  is  to  allow  a  reciprocal  information  of 
the  three  groups  of  experts  that  they  know  what 
happens  in  the  other  related  domains. 


1.  The  Electromagnetic  Environment 

Dealing  with  regulations  concerning  EM  phenome¬ 
na  requires  first  a  thorough  knowledge  of  the  EM 
environment.  Since  ever  we  are  living  in  the  earth 
magnetic  field  but  with  the  development  of  the  use 
of  electricity,  first  for  power  applications,  then  for 
radiobroadcast,  later  for  electronic  industrial  and 
domestic  equipment,  more  recently  for  new  tele¬ 
communication  means,  for  medical  applications,  we 
are  now  embedded  in  an  increasing  and  complex 
EM  environment. 

Regulations  have  to  be  established: 

-  for  normal  operational  conditions:  frequency, 
voltage,  current,... 

-  against  negative  effects  of  disturbances. 

IEC  TC  77  has  established  for  the  EMC  work 
a  classification  of  the  EM  disturbances,  which  is 
largely  applied  and  can  be  useful  for  other  domains. 
It  is  based  on  the  following  features: 

-  two  frequency  domains:  low  frequency  (LF)  dis¬ 
turbances  or  high  frequency  (HF)  disturbances 
whereby  the  boundary  has  been  set  conven¬ 
tionally  at  9  kHz, 

-  line  conducted  disturbances  or  radiated  disturb¬ 
ances, 

-  continuous  disturbances  or  transient  disturb¬ 
ances. 

Not  all  the  disturbances  have  the  same  weight  and 
the  ones  listed  below  appear  to  be  the  most  impor¬ 
tant  (in  brackets  it  has  been  indicated  for  which 
domain  they  are  mostly  to  be  considered).  All  these 
disturbance  phenomena  are  relevant  with  regard  to 
EMC  and  most  of  them  with  regard  to  Safety.  How¬ 
ever  regarding  EMF  only  the  radiated  phenomena 
are  concerned,  this  as  well  under  normal  opera¬ 
tional  conditions  as  in  the  case  of  disturbances. 

Some  IEC  publications  (or  from  other  organisa¬ 
tions)  specify  standardised  operational  values.  The 
TC  77  documents  of  the  series  IEC  61000  -  x  -  y 
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or  others  give  a  comprehensive  information  about 
the  actual  operational  levels  or  of  the  disturbance 
levels  to  consider: 

LF  conducted  phenomena 

•  Harmonics  of  the  mains  voltage  (EMC), 

•  Voltage  dips  and  short  interruptions  (EMC; 
Safety), 

•  Voltage  fluctuations  (EMC). 

LF  radiated  phenomena 

Power  frequency  magnetic  fields  (EMC;  EMF; 
Safety), 

HF  conducted  phenomena 

•  induced  HF  voltages  or  currents,  continuous 
waves  (EMC,  Safety), 

•  induced  HF  voltages  or  currents,  modulated 
waves  (EMC,  Safety), 

•  “slow"(ps)  transients  voltages-  surges  or 
damped  oscillations  (EMC,  Safety), 

•  “fast"  (ns)  transients  bursts  (EMC,  Safety). 

HF  radiated  phenomena 

•  electromagnetic  fields  (EMC,  EMF,  Safety), 

•  continuous  waves, 

•  modulated  waves, 

•  transients. 

Electrostatic  discharges  (EMC,  Safety) 

High  power  electromagnetic  pulses,  conducted  or 
radiated  (EMC;  EMF;  Safety) 

2.  Electromagnetic  Compatibility 

2.1.  Electromagnetic  Compatibility  is  defined  “as 
the  ability  of  an  equipment  or  a  system  to  function 
satisfactorily  in  its  electromagnetic  environment 
without  introducing  intolerable  electromagnetic  dis¬ 
turbances  to  anything  in  that  environment”  [IEV 
161-01-02] 

Four  important  features  should  be  noted: 

-  EMC  concerns  only  equipment  (objects,  not 
living  beings), 

-  EMC  concerns  the  correct  functioning  of  these 
objects, 

-  EMC  concerns  as  well  immunity  as  emission 
aspects, 

-  EMC  concerns  only  EM  disturbances  (not  nor¬ 
mal  operation). 

2.2.  EMC  concerns  disturbance  phenomena,  and 
does  not  deal  with  normal  operational  values  (or 
only  when  they  exceed  acceptable  limits).  In  course 
of  time  several  rules  have  been  established  for 
EMC  regulations  regarding  EM  disturbances: 


IEC  has  issued  a  Guide  107  “Guide  for  the  drafting 
of  EMC  publications",  the  rules  of  which  are  in  prin¬ 
ciple  also  applied  by  CENELEC  and  many  coun¬ 
tries  [1]  [2].  The  guide  defines  practically  two  main 
kinds  of  EMC  publications  (standards  or  technical 
specifications): 

-  “Basic  EMC  publications"  which  specify  the  fun¬ 
damental  and  general  rules  for  the  achievement 
of  EMC.  They  concern  for  example  Termi¬ 
nology,  Characterisation  of  the  environment, 
Instrumentation,  Procedures,  this  as  well  for 
Emission  as  for  Immunity  matters  (requirements 
and  tests). 

-  “Product  EMC  publications"  which  specify  the 
requirements  and  test  procedures  relevant  to  a 
specific  product  to  achieve  EMC.  Practically 
Guide  107  defines  three  categories  of  product 
standards:  “Product  Families  Standards" 
(groups  of  similar  products),"  Product  Stand¬ 
ards”  (for  particular  products),  and  “Generic 
Standards”. 

-  The  latter  are  general  “default"  product  stand¬ 
ards  to  be  applied  for  product  families  or 
particular  products  for  which  no  specific  stand¬ 
ard  exists.  They  are  related  to  particular  envi¬ 
ronments,  for  the  time  being  to  domestic  and 
industrial  environments  and  are  very  useful  to 
bridge  the  time  until  a  specific  standard  is 
developed  (or  to  be  applied  definitely  for  a  par¬ 
ticular  product). 

All  product  committees  should  consider  immunity 
requirements  and  the  limitation  of  emissions: 

-  particularly  important  is  the  rule  that  emission 
limits  are  set  for  all  kinds  of  emissions  by  two 
responsible  committees:  TC  77  for  LF  phe¬ 
nomena  and  CISPR  for  HF  phenomena  and 
that  in  order  to  assure  an  overall  co-ordination 
these  limits  should  not  be  exceeded  by  indi¬ 
vidual  sources(  or  in  special  cases  only  after 
consultation  of  these  two  committees), 

-  with  regard  immunity  the  product  committees 
should  follow  the  recommendations  of  the  basic 
standards  but  a  certain  flexibility  is  allowed.  A 
rising  scale  of  compliance  criteria  has  been 
established: 

a.  normal  performance  within  limits  specified 
by  the  manufacturer, 

b.  temporary  loss  of  function  or  degradation  of 
performance  which  ceases  after  the 
disturbance  ceases, 

c.  temporary  loss  of  function  or  degradation  of 
performance,  the  correction  of  which 
requires  operator  intervention  or  system 
reset, 

d.  loss  of  function  or  degradation  of  perfor¬ 
mance  which  is  not  recoverable. 


33 


The  compliance  criterion  for  EMC  is  that  the  equip¬ 
ment  after  a  disturbance  or  a  test  continues  to 
operate  as  intended. 

2.3.  IEC  has  set  up  an  efficient  organisation  to 
develop  EMC  standards  (although  somewhat  influ¬ 
enced  by  history).  The  standardisation  work  started 
1924  in  CISPR  for  the  protection  of  the  radio 
transmission  and  was  followed  in  IEC  by  the  setting 
up  of  TC  77  in  1970  for  Electromagnetic  Compati¬ 
bility  in  general. 

TC  77-  “Electromagnetic  Compatibility"  -  has  a 
quite  large  scope:  it  is  responsible  for  a  number  of 
the  general  matters  i.e.  the  basic  standards  related 
to  LF  emissions,  measurement  techniques,  im¬ 
munity  testing,  etc,  and  for  the  Generic  Immunity 
Standards. 

CISPR  -  “Com'itS  International  Special  des  Pertur¬ 
bations  Radio6lectriques"  -  is  also  responsible  for 
some  HF  basic  standards,  for  HF  emission  limits, 
for  Information  Technology  Equipment  and  for  the 
Generic  Emission  standards. 

There  is  to  note  that  these  two  committees  are  not 
directly  in  charge  of  safety  or  EMF  matters 

PRODUCT  COMMITTEES,  e.g.  for  domestic  equip¬ 
ment,  for  high  voltage  equipment,  etc,  are  directly 
responsible  for  the  EMC  problems  of  their  products 
(in  particular  mitigation  measures) 

The  work  between  these  committees  is  co¬ 
ordinated  by  ACEC  -  Advisory  Committee  on 
Electromagnetic  Compatibility  -  which  ensure  also 
the  co-ordination  with  outside  organisations  like 
ISO,  ITU,  etc.... 

Further  in  more  than  50  countries  there  exist 
National  Committees  of  IEC  which  implement  the 
IEC  EMC  standards  in  their  countries. 

Other  international  organisations  deal  also  with 
EMC  standards  for  products  in  specific  areas  e.g. 
ISO  for  automotive  vehicles  or  ITU  for  Telecom¬ 
munication  matters. 

An  important  factor  with  regard  to  the  EMC  stand¬ 
ards  of  IEC  is  that  their  application  is  in  principle 
voluntary.  Their  application  becomes  mandatory  in 
a  country  if  the  responsible  regulatory  authorities 
decide  this.  They  may  also  be  specified  in  com¬ 
mercial  contracts. 

2.4.  The  situation  is  quite  different  in  the  European 
Union  and  in  CENELEC.  The  Commission  of  the 
EU  has  recognised  already  several  years  ago  the 
importance  of  EMC  and  has  issued  an  EMC 
Directive  89/336/EEC  “Council  Directive  of  May 


1989  on  the  Application  of  the  Laws  of  the  Member 
States  Relating  to  Electromagnetic  Compatibility" 
according  to  which,  in  principle,  all  the  products  put 
on  the  market  must  comply.  For  products  the  appli¬ 
cation  of  the  relevant  standards  is  therefore  manda¬ 
tory  [5]  [6], 

The  development  of  the  standards  for  the  imple¬ 
mentation  of  the  directive  has  been  allocated  to 
CENELEC  and  ETSI.  For  this  task  CENELEC  has 
set  up  a  committee  TC210  /SC210A  which  covers 
more  or  less  the  responsibilities  of  IEC  TC/77and 
CISPR.  According  to  an  IEC/CENELEC  agreement, 
practically  TC210  takes  over  most  of  the  standards 
developed  by  IEC  -  sometimes  with  some 
amendments  -  so  that  a  good  co-ordination  world¬ 
wide  and  Europe-wide  is  ensured  for  the  profit  of 
industry  and  the  users. 

2.5.  With  regard  to  the  present  state  of  the  stand¬ 
ardisation  work,  it  can  be  said  that  practically  all- 
important  Basic  Standards  exist  already  and  are 
now  or  will  be  updated.  The  most  important  Generic 
Standards  for  the  Domestic  and  Industrial  environ¬ 
ments  are  also  available.  An  important  work 
remains  to  be  done  for  the  product  standards. 

The  Chairman  of  ACEC  has  identified  some  impor¬ 
tant  features  and  subjects  for  the  future  work  [3]: 

-  the  increase  of  the  frequency  range  to  con¬ 
sider,  up  in  the  GHz  range, 

-  the  immunity  testing  of  large  systems, 

-  the  addition  of  microprocessor  in  numerous 
devices  and  an  increase  of  their  sensitivity, 

-  mobile  communication  (cellphone,  bluetooth 
technology), 

-  power  quality. 

It  has  been  criticised  that  too  many  EMC  Standards 
have  been  developed  and  therefore  that  there 
application  would  put  a  great  charge  on  industry.  It 
shall  be  remembered  that  the  application  of  the  IEC 
standards  is  voluntary  and  that  they  become 
mandatory  only  when  a  responsible  authority 
decides  this.  This  complains  has  been  raised  in 
particular  in  CENELEC  and  special  SLIM  group 
(“Simpler  Legislation  for  the  Single  Market")  is 
studying  howto  simplify  the  requirements. 

3.  EMF  -  Exposure  to  Electromagnetic 
Fields 

3.1.  The  effects  of  EM  Fields  on  health  are  a  quite 
old  concern  of  the  general  public  or  workers.  A 
considerable  medical/biological  research  work  has 
been  and  is  still  carried  out  in  relevant  institutions: 
Universities,  Laboratories,  etc.  However  the  present 
stage  of  knowledge  is  such  that  if  there  is  a  very 
wide  amount  of  results  on  specific  partial  subjects, 
there  is  still  an  insufficient  overall  view  on  certain 
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general  subjects  In  particular,  adverse  effects  on 
humans  seems  well  established  for  short  term 
exposure  and  immediate  health  consequences  but 
long  term  effects  have  not  yet  been  scientifically 
clearly  established. 

EMF  deals  with  radiated  phenomena  but  there  is  a 
difference  with  EMC: 

-  EMF  is  concerned  by  long  time  exposure, 

-  EMF  is  mostly  concerned  by  normal  operational 
conditions  -  e.g.  magnetic  fields  from  power 
lines  -  not  by  transient  phenomena. 

From  the  viewpoint  of  standardisation,  there  is  to 
differentiate  between  two  kinds  of  regulations  (peo¬ 
ple  working  in  this  field  prefer  the  term  “standard" 
so  that  we  shall  use  it  also  in  the  following,  even  if  a 
document  does  not  correspond  to  its  formal  defini¬ 
tion): 

-  biological  /medical  regulations  (they  concern 
mainly  exposure  limits), 

-  technical  standards  .They  concern  mainly: 

•  description  of  the  environment  (which  fields 
frequency,  magnitude,...), 

•  measurement  instrumentation, 
measurement  procedures, 

•  calculation  methods. 

For  scientific  work  no  standardisation  is  envisaged, 
although  common  rules  for  epidemiological  investi¬ 
gations  would  be  appropriate  in  order  to  get  com¬ 
parable  results. 

3.2.  The  frame  work  for  technical  EMF  standards  is 
given: 

-  on  one  hand  by  the  characteristics  of  the  fields: 
frequency  range,  biological  effects,  effects  on 
health, 

-  on  the  other  hand  by  the  kinds  of  the  field 
sources. 

A  short  overview: 

-  it  is  appropriate,  depending  on  the  health 
effects,  to  consider  two  -  sometimes  three  - 
frequency  ranges: 

•  a  low  frequency  (LF)  range  -  apart  from  0 
Hz  static  fields  -  from  0  Hz  to  3... 10  kHz, 

an  intermediate  frequency  (MF)  range  from 
3..1 0  kHz  to  1  ..1 0  MHz, 

•  a  high  frequency  range  (HF)  from  1..10 
MHz  to  the  GHz  range  e.g.  300  GHz, 

-  the  biological  effects  are  caused  In  general  by 
the  current  induced  by  the  fields  flowing  in  the 
body  tissues: 

•  low  frequencies  cause  “non-thermal”  effects 
like  the  stimulation  of  nerves  and  muscles, 
an  effect  on  the  hormonal  production,  an 


influence  on  the  eyes,  ....In  particular  LF 
field  are  suspected  to  initiate  or  to  promote 
cancer, 

high  frequency  fields  are  at  the  origin  of 
thermal  effects  i.e.  the  heating  of  the  tis¬ 
sues,  which  shall  not  exceed  1  C. 

An  important  feature  to  consider  is  that  it  is  not 
possible  to  measure  directly  the  currents  and  the 
effects  induced  by  the  EM  fields  inside  the  body  (at 
least  in  humans  beings).  For  this  reason,  two  dif¬ 
ferent  values  are  defined: 

-  “Basic  Restrictions":  exposure  restrictions 
directly  based  on  established  health  effects 
inside  or  at  the  surface  of  the  body  -  as  said 
often  not  directly  accessible, 

-  “Reference  levels”:  external  field  values,  which 
actually  induce  the  effects  in  the  body  and  can 
be  used  for  practical  assessment  purposes. 
They  are  derived  from  the  Basic  Restrictions  by 
measurement  or  calculation  techniques,  or  by 
biological  investigations. 

Basic  Restriction  would  be  the  subject  of  “Biological 
Standards":  Reference  levels  the  subject  of  “Tech¬ 
nical  standards”. 

Which  are  the  sources  of  EM  fields  against  which 
precaution  may  have  to  be  taken: 

-  in  the  LF  range  in  particular  power  lines, 
domestic  devices,  industrial  installations,... 

-  in  the  HF  range  cellular  phone  -  mobile  devices 
and  base  stations-,  broadcast  transmitters, 
industrial  installations,  etc,... 

A  main  subject  of  the  technical  standardisation  is 
the  measurement  of  the  field  distribution  and  field 
magnitude  around  these  sources.  Another  impor¬ 
tant  subject  concerns  calculation  methods. 

Compliance  criteria  is  that  the  exposure  criteria: 
field  magnitudes,  energy  absorption  (SAR)  are  not 
exceeded. 

3.3.  Which  are  the  organisations  involved  in  the 
development  of  EMF  standards? 

3.3.1.  Organisations  dealing  with  Biological  Stand¬ 
ards: 

Three  international  organisations  need  to  be  men¬ 
tioned: 

-  WHO,  the  “  World  Health  Organisation",  which 
has  a  scientific  orientation  and  has  started  in 
1996  an  “International  EMF  Project”.  Aim  of  this 
Project  is  “to  assess  the  scientific  literature  and 
reports  on  health  effects,  promote  research  in 
this  field  and  provide  a  co-ordinated  inter¬ 
national  response  to  concerns  about  possible 
heath  effects  of  exposure  to  EMF”.  Actually 
WHO  does  not  have  a  real  standardisation  task 
and  will  issue  recommendations, 

-  ICNIRP,  the  “International  Commission  on  Non- 
Ionizing  Radiation  Protection”  issues  Guide- 
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lines  specifying  recommended  exposure  limits, 
the  application  of  which  is  in  principle  voluntary 
but  which  serve  as  world-wide  reference,  in 
particular  for  national  regulations  [8], 

-  IEEE  has  also  issued  several  standards  dealing 
with  the  limitation  of  exposure. 

There  exist  of  course  in  numerous  countries 
national  regulations  issued  by  National  Authorities 
(as  for  the  EU  see  below)  [9J. 

It  shall  be  pointed  out  that  IEC  decided  not  to  deal 
with  Exposure  limits. 

3.3.2.  International  organisations  dealing  with 
“Technical  Standards": 

It  does  not  exist  yet  “world-wide  standards"  but 
work  is  in  progress  or  has  just  started: 

-  IEC  started  first  with  the  measurement  tech¬ 
niques  for  LF  and  HF  Fields.  In  order  to  prog¬ 
ress,  ACEC  established  1997  a  Task  Force 
which  developed  a  comprehensive  programme 
of  work  (see  below)  and  by  the  end  of  1999  a 
new  Technical  Committee  TCI  06  has  been  set 
up  to  deal  at  large  with  the  technical  problems 
related  to  human  exposure. 

-  IEEE  has  also  issued  several  standards  dealing 
with  the  measurement  techniques. 

-  of  course  there  exist  national  standards  in  sev¬ 
eral  countries. 

3.3.3.  Like  for  EMC,  it  is  for  Europeans  useful  to  be 
aware  of  the  situation  in  the  EU  and  CENELEC. 

The  Commission  of  the  EU,  after  previous  attempts, 
issued  1999  a  “Council  Recommendation  of  12  July 
1999  on  the  limitation  of  exposure  of  the  general 
public  to  electromagnetic  fields  (0  Hz  to  100GHz)  - 
1999/519/EC)".  It  specifies  common  definitions  and 
exposure  limits  (basic  restrictions,  reference  levels, 
SAR).  There  is  to  note  that  this  document  is  not  a 
directive  whose  application  is  mandatory  but  only  a 
recommendation. 

The  implementation  work  has  been  allocated  first  to 
CENELEC  .The  tasks  are  defined  by  means  of 
Mandates  and  earned  out  in  a  TC211  set  up  in 
1992.  TC211  had  initially  the  task  to  define  expo¬ 
sure  limits,  a  task  now  superseded  by  the  Council 
Recommendation,  It  shall  deal  in  future  with  the 
field  sources  and  will  have  a  programme  of  work 
similar  to  the  one  of  IEC  (see  below  chapter  3.4) 
Implementation  work  is  also  allocated  to  ETSI  for 
Telecommunication  devices  (however  the  problems 
on  cellular  phones  remains  with  CENELEC).  Some 
Directorates  have  also  set  up  own  “standardisation” 
bodies  like  Dir.  V  (COST)  or  Dir.  XIII  (CEPHOS). 

3.4.  The  programme  of  work  prepared  by  the  ACEC 
TF  EMF  distinguishes  between  two  types  of  stand¬ 


ards  with  a  structure  somewhat  similar  to  the  EMC 
publications: 

-  Horizontal  Standards  related  to  general 
matters: 

•  Measurement  of  LF  fields  with  regard  to 
Human  Exposure, 

•  Measurement  of  HF  fields  with  regard  to 
Human  Exposure, 

•  Calculation  methods  for  induced  currents. 

-  Vertical  Standards  related  to  specific  sources  of 
LF  or  HF  fields: 

•  LF  fields  from  Power  and  Railways  lines, 

•  HV  substations  and  MV/LV  transformer  sta¬ 
tions, 

•  Industrial  equipment, 

•  Handhold  mobile  telephones, 

•  Base  stations, 

•  Household  equipment, 

•  Railways  exposure  of  the  workers, 

•  Antitheft  devices. 

CENELEC  TC  211  has  a  similar  programme  of 
work  and  a  close  co-ordination  would  be  appro¬ 
priate  in  order  to  have  same  standards  World-wide 
and  Europe-wide. 

IEEE  has  developed  mainly  “horizontal”  standards 
but  collaboration  of  the  IEC  US  National  Committee 
in  TCI  06  is  expected. 

4.  Functional  Safety 

4.1.  The  “standardised”  safety  definitions  may  not 
be  familiar  to  EMC  or  EMF  experts  so  that  they  are 
reminded  in  the  following  list  [ISO/IEC  Guide51. 
1990]: 

-  safety:  freedom  from  unacceptable  risk  of 
harm, 

-  harm:  physical  injury  and/or  damage  to  health 
or  property, 

-  hazard:  a  potential  source  of  harm, 

-  risk:  the  probable  rate  of  occurrence  of  a 
hazard  and  the  degree  of  severity  of  the  harm, 

-  functional  safety:  freedom  from  an  unaccept¬ 
able  risk  of  harm  due  to  the  malfunctioning  of 
an  equipment  or  system  including  that  resulting 
from  reasonably  foreseeable  misuse. 

“Safety"  in  a  comprehensive  understanding  of  the 
matter  encompasses  all  kinds  of  hazards:  electric 
shock,  excessive  temperature,  mechanical  stress, 
access  to  moving  parts,  etc,  EM  effects  are  only 
one  of  these  factors.  From  a  general  viewpoint  the 
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term  “  safety"  concerns  the  two  -  fully  different  - 
aspects  described  in  the  previous  chapters: 

-  the  effects  of  EM  Fields  on  health,  a  subject 
which  is  not  the  main  subject  of  this  paper, 

-  the  effects  of  EM  phenomena  on  Functional 
Safety  which  are  somewhat  related  to  EMC  and 
will  be  examined  in  this  chapter. 

4.2.  Which  are  the  EM  phenomena  that  can  create 
a  safety  risk?  In  fact  all  the  phenomena  mentioned 
in  the  description  of  the  EM  environment  in  chapter 
2  -  also  some  other  ones  less  important  -  if  they 
reach  an  unacceptable  level.  The  same  faults  may 
be  considered  than  for  EMC  but  from  the  viewpoint 
if  they  create  a  risk  of  harm  e.g.: 

-  loss  of  function  or  degradation  of  performance, 
even  if  recoverable  by  operator  intervention, 

-  damage  to  hardware  or  to  software  or  loss  of 
data. 

Malfunctions  involving  safety  risks  shall  be  carefully 
evaluated: 

-  no  operation  when  operation  is  required, 

-  unwanted  operation  when  no  operation  is 
required, 

-  deviation  from  normal  operation. 

The  equipment  may  be  normally  submitted  to  the 
same  tests  than  for  EMC  but  with  higher  test  levels. 

Compliance  criterion  is  that  no  risk  of  harm  to 
health  or  damage  to  property  happens  (sometimes 
it  may  be  difficult  to  differentiate  EMC  compliance 
and  safety  assurance). 

4.3.1.  IEC  has  recognised  years  ago  the 
importance  of  safety  standards  and  has  set  up  an 
“Advisory  Committee  on  Safety"  ACOS  similar  to 
ACEC  to  co-ordinate  the  work  between  the  IEC 
committees  and  with  t  outside  organisations.  ACOS 
has  published  a  Guide  104:  “Guide  to  the  drafting  of 
safety  standards  and  the  role  of  Committees  with 
safety  functions".  This  Guide  defines  three  types  of 
safety  standards:  “Basic  safety  standards",”  Group 
safety  standards”,  “Product  safety  standards,  ...a 
structure  similar  to  the  structure  of  the  EMC 
standards. 

With  regard  to  the  EM  phenomena,  the  work  is  car¬ 
ried  out  in  TC  77.  IEC  TC  77  has  in  course  of  com¬ 
pletion  a  Technical  Specification  IEC  61000-1-2 
“Methodology  for  the  achievement  of  functional 
safety  of  electrical  and  electronic  equipment  with 
regard  to  electromagnetic  phenomena".  The  docu¬ 
ment  refers  also  to  the  general  framework  for  safety 
considerations  developed  by  SC  65A  in  the  generic 
standards  IEC  61508  -  x  -  y.  The  proposed  analy¬ 
sis  method  is  based  on  a  classical  dependability 
method  described  in  standard  IEC  61025:  “Fault 
tree  analysis"  which  allows,  starting  from  an 
unwanted  event,  to  analyse  step  by  step  the  sensi¬ 


bility  to  EM  phenomena  of  the  equipment.  It  recom¬ 
mends  also  testing  the  devices  with  higher  test 
levels  than  for  EMC  purposes.  This  methodology 
applies  as  well  to  single  apparatuses  as  to  complex 
systems,  to  LF  and  to  HF  phenomena,  mainly  to 
immunity  aspects  but  also  to  the  limitation  of  emis¬ 
sions. 

In  the  general  framework  of  ACOS  ca  30  commit¬ 
tees  deal  directly  or  indirectly  with  safety  matters 
and  have  developed  ca  60  relevant  standards.  Most 
of  them  did  not  look  yet  at  the  effects  of  EM  phe¬ 
nomena  but  the  situation  should  change  due  to  the 
importance  the  subject  gains  now. 

4.3.2.  In  the  EU  several  EC  Directives  such  as  the 
Low  Voltage  Directive  refers  also  to  Safety  matters 
and  CENELEC  has  -  only  recently  -  set  up  a 
special  working  group  CLC/BTWG  99-2  “Functional 
Safety"  to  deal  in  a  comprehensive  manner  with  the 
problem.  The  WG  has  issued  a  report  CLC/BT 
(Bxl/SG)  1053. Dec  1999  from  which  we  draw  some 
important  conclusions: 

-  CENELEC  should  base  /  refer  (?)  to  the  work  in 
IEC  and  adopt  its  standards, 

-  IEC  61508  (see  above)  should  be  considered 
as  a  basic  generic  standard. 

-  with  regard  to  the  effects  of  EM  phenomena 
Publication  IEC  6100-1-2  (see  above)  may  be 
considered  as  very  important. 

-  There  is  further  to  note  that  also  ETSI  has  set 
up  a  n  own  TC  Safety  which  should  deal  mainly 
with  radiated  phenomena,  particularly  with 
health  effects. 

On  the  activity  on  Functional  Safety  in  other  bodies 
(Regulatory  Authorities,  Technical  Committees) 
specifically  with  regard  to  EM  effects,  no  infor¬ 
mation  seems  available. 

4.4.  Future  work  in  this  field:  implementation  of  the 
recently  developed  rules,  implementation  in  product 
standards. 

5.  Summary  and  Conclusions 

5.1.  The  EM  environment  in  which  we  live  may  be 
considered  from  two  viewpoints: 

-  normal  operation  of  the  networks  and  normal 
EM  environment  (frequency,  voltage,  current), 

-  electromagnetic  disturbances  (conducted, 
radiated,  low  frequency,  high  frequency), 

They  can  have  different  kinds  of  effects: 

-  EMC  Electromagnetic  Compatibility  effects, 

-  EMF  Biological  and  Health  effects, 

-  (Functional)  Safety  effects. 

These  three  aspects  have  common  sources  and 
therefore  they  have  some  relationship  which,  even 
if  their  effects  are  different,  may  be  considered  in 
the  standardisation  work. 
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5.2.  EMC  is  related  to  the  behaviour  of  electrical  or 
electronic  equipment  with  regard  to  EM  disturb¬ 
ances: 

-  it  concerns  equipment:  apparatus  and  systems, 

-  it  is  particularly  relevant  when  the  EM  disturb¬ 
ances  take  unacceptable  high  values, 

-  it  concerns  emission  and  immunity  features, 

-  compliance  criterion  for  EMC  is  that  the  equip¬ 
ment  continues  to  operate  as  intended  after 
testing  or  in  operation. 

5.3.  EMF  is  related  to  biological/medical  effects  of 
EM  fields: 

-  it  concerns  living  beings,  particularly  Human 
Beings, 

-  it  considers  mostly  the  normal  state  of  the  EM 
environment,  less  EM  disturbances, 

-  two  kinds  of  standards  should  be  considered: 

•  biological/medical  standards  (e.g.  exposure 
limits)  for  which  relevant  institutions  are 
responsible, 

•  technical  standards  (e.g.  measurement 
techniques)  which  are  in  the  province  of 
technical  organisations  like  IEC, 
CENELEC,  IEEE. 

-  compliance  criterion  is  that  the  recommended 
exposure  limits  are  not  exceeded. 

5.4.  Functional  safety  shall  ensure  that  EM  disturb¬ 
ances  do  not  create  a  risk  of  harm  to  health  or 
damage  to  property: 

-  in  principle  the  equipment  is  submitted  to  the 
same  tests  than  for  EMC  testing,  however  with 
higher  test  levels, 

-  compliance  criterion  is  that  no  unacceptable 
risk  of  harm  due  to  the  malfunctioning  of  an 
equipment  occurs  (practically  it  happens  that 
often  it  is  difficult  to  make  a  distinction  between 
an  EMC  and  a  Safety  acceptance  criterion). 

5.5.  From  the  viewpoint  of  standardisation  it  appear 
that  three  types  of  standards  need  to  be  developed 
in  all  three  domains: 

-  description/specification  of  the  environment, 

-  basic/horizontal  standards  (measurement  tech¬ 
niques,  etc, ..), 

-  specific  product  standards. 

5.6.  Then  a  question  arises  for  the  standardisation 
work,  particularly  with  regard  product  standards: 
should  three  different  standards  be  issued  for  the 
three  domains  or  should  all  the  requirements  and 
test  specifications  be  concentrated  in  one  com¬ 
prehensive  document? 

It  appears  that  for  EMC  and  Functional  Safety,  the 
EM  phenomena  to  consider  are  the  same,  the  test 
procedures  are  the  same  or  very  similar;  only  the 
acceptance  criteria  are  different,  more  severe  for 


Functional  Safety.  Further  it  seems  advisable  that 
product  experts  deal  with  in  a  comprehensive  man¬ 
ner  for  their  products.  A  common  document  seems 
to  be  the  best  solution. 

However  for  EMF,  the  EM  phenomena  to  consider 
are  somewhat  different  from  the  ones  relevant  for 
EMC  and  Functional  Safety  -  other  phenomena  or 
mostly  under  normal  operational  conditions,  the 
experts  may  be  different,  and  separate  documents 
seem  more  appropriate. 

However  a  subject  is  common  to  the  three 
domains:  the  description  and  specification  of  the 
EM  environment.  Common  documents  would  be 
useful. 

5.7.  A  similar  question  arises  for  testing:  should  the 
three  series  of  test  be  carried  out  in  the  same 
laboratory,  possibly  by  the  same  experts,  or  should 
different  people  carry  out  the  tests  at  three  different 
places.  A  similar  answer  than  for  the  standard¬ 
isation  work  seems  appropriate. 

5.8.  A  short  inquiry  among  standardisation  experts 
showed  that  the  opinions  diverge: 

-  as  for  the  development  of  standards,  it  is 
argued  that  there  may  be  different  experts  for 
the  three  domains  -  in  particular  it  should  be 
considered  that  safety  includes  several  other 
issues  than  EMC.  This  would  support  the  view 
of  different  separate  standards, 

-  on  the  other  hand,  for  the  development  of  the 
products,  for  the  design  engineer,  it  may  be 
more  convenient  to  have  one  comprehensive 
document, 

-  as  for  testing,  some  people  argue  that  the  task 
should  be  carried  out  by  different  specialised 
experts  in  specialised  laboratories,  however 
most  of  the  EM  tests  can  be  earned  out  with  the 
same  testing  equipment, 

-  for  certification  purposes,  a  comprehensive 
document  may  be  more  appropriate. 

An  answer  may  also  depend  on  whether  the  three 
domains  are  treated  by  the  same  or  by  different 
committees. 

A  definite  answer  does  not  seem  possible.  A  case 
by  case  issue!! 
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Abstract  -  In  this  paper  some  methods  to  perform  integrated 
circuit  (IC)  susceptibility  tests  are  described.  The  Work 
Bench  Faraday  Cage  method  allows  the  measurements  of 
small  PCBs  or  ICs  immunity  to  common  mode  conducted 
RF  interference,  while  the  direct  injection  method  makes  it 
possible  the  evaluation  of  IC  immunity  to  differential  mode 
disturbance.  The  evaluation  of  ICs  susceptibility  to 
electromagnetic  radiated  field  can  be  performed  by  the 
TEM  cell  method.  Test  benches  related  with  methods 
summarized  in  this  paper,  were  realized  and  used  in  order 
to  verify  experimentally  the  immunity  of  a  micro-controller 
IC.  In  this  work  the  different  measurement  procedures  are 
compared  and  the  test  benches  weak  points  are  highlighted. 

I.  Introduction 

Analog  and  Digital  integrated  circuits  are  widely  used  in 
equipment  that  work  in  electromagnetic  polluted 
environments  as  in  automotive,  aeronautics  and  industrials 
systems.  The  power  supplies  distribution  and  signal 
communications  among  electronic  modules  of  these 
equipment  are  realized  by  cables  that  couple  with 
environmental  electromagnetic  fields:  cables  behave  as 
receiving  antennas  and  collect  interference  that  are 
superimposed  on  system  signals. 

In  case  of  modules  composed  of  a  printed  circuit  boards 
(PCBs)  with  dimensions  less  then  interference  wavelength, 
it  can  be  assumed  that  interference  collected  by  a  PCB 
traces  and  by  integrated  circuits  package  frames  are 
negligible  if  compared  with  those  collected  by  connecting 
cables. 

Since  actual  electronic  systems  have  to  be  compliant  with 
normative  in  electric  security  matter,  the  connection  of  each 
module  to  ground  is  mandatory.  For  EMC  purposes,  the 
common  mode  impedance  represents  the  connection 
between  modules  metal  cases. 

The  experimental  evaluation  of  interference  induced  into  an 
electronic  equipment  by  the  coupling  of  a  radiated 
electromagnetic  field  and  an  equipment  shown  that  the 
amplitude  of  common  mode  interference  collected  by 
cables  is  higher  then  that  of  differential  mode  [1],  However, 
an  IC  susceptibility  to  conducted  interference  can  be 
observed  only  if  RF  voltages  are  present  among  IC  pins, 


while  cables  connected  to  the  modules  collect  essentially 
common  mode  interference:  the  PCB  translates  the 
common  mode  interference  in  the  differential  mode  one  at 
the  IC  pins.  In  this  work  the  immunity  of  a  microcontroller 
IC  to  conducted  interference  has  been  evaluated. 
Measurements  have  been  performed  following  three 
different  test  procedures,  which  are  described  in  normative 
proposals  and  scientific  paper  [2][3][4],  The  comparison  of 
experimental  results  makes  it  possible  to  highlight  some 
critical  points  of  these  measurement  methods. 

II.  Measurement  methods 

The  evaluation  of  ICs  immunity  to  conducted  continuous 
wave  RF  interference  can  be  performed  by  the 
measurement  of  interference  amplitude  at  which  DUT 
failures  occur.  Another  criterion  to  perform  ICs  immunity 
test  consists  in  the  measurement  of  the  frequency  ranges  in 
which  DUT  failures  occur,  if  constant  amplitude  of  the 
interfering  signal  is  taken. 

The  last  criterion  comes  from  those  usually  adopted  in 
verifying  the  compliance  of  electric  and/or  electronic 
equipment  to  EMC  normative,  while  the  first  one  makes  it 
possible  the  evaluation  of  the  DUT  functional  limits  due  to 
interference.  In  this  work,  the  immunity  measurements 
were  performed  referring  to  the  first  criterion  enunciated, 
by  using  the  test  methods  described  below. 

A.  Workbench  Faraday  Cage  Method 
The  Workbench  Faraday  Cage  (WBFC)  method  was 
proposed  to  perform  immunity  and  emission  tests  of  ICs  or 
small  electronic  modules  in  the  frequency  range  150  kHz  - 
1GHz  [1  ][5] .  The  basic  concept  of  this  method  is  taken 
from  the  European  normative  EN61000-4-6  that  regards  the 
immunity  of  electronic  equipment  to  common  mode 
conducted  RF  interference.  The  interference  is  coupled  in 
the  EUT  via  coupling  de-coupling  networks  (CDNs)  [6]. 
The  WBFC  method  is  based  on  the  hypothesis  that  ICs  are 
meanly  reached  from  interference  collected  by  cables  that 
are  directly  connected  to  the  PCB.  A  bundle  of  cables,  i.e.  a 
receiving  antenna  connected  to  the  DUT,  in  the  WBFC  is 
replaced  by  the  series  of  an  interference  source  and  a 
radiation  resistance  Rg=150  O.  In  actual  equipment  the 
radiation  resistance  depends  on  cables  lengths  and 
geometry  but  its  average  value  is  about  150  £2  with  standard 
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deviation  of  7  dB.  A  test  board,  with  the  DUT  soldered  on, 
is  inserted  into  a  Faraday  cage. 

There  are  some  reasons  to  perform  measurements  into  a 
Faraday  cage:  metal  can  that  contains  electronic  modules 
prevents  them  from  thermals  and  mechanical  stress.  The 
Faraday  cage  emulates  a  metal  can  and  makes  it  possible 
immunity  tests  with  interference  in  the  DUT  surrounding 
confined  to  the  cage. 


Fig.  1 .  The  Workbench  Faraday  Cage 

Common  mode  filters  realize  links  among  DUT,  power 
supply  and  auxiliary  instruments  in  the  test  bench.  Each 
filter  is  composed  of  a  7t  cell  that  is  inserted  through  a  wall 
of  the  cage,  in  series  with  common  mode  inductance,  that 
are  realized  by  a  couple  of  wires  wrapped  on  a  NiZn  ferrite 
core  (|oT>  1 000) .  The  common  mode  resistances 
1^=1^2=150  Q.,  shown  in  Fig.2,  represent  the  radiation 
resistances  of  two  different  bundles  respectively  connected 
to  the  node  (A)  and  (B).  Since  bundles  connected  to  each 
module  come  from  different  directions,  the  RF  voltages 
induced  to  bundle  terminals  are  different  in  amplitude. 


Fig.  2.  Simplified  circuit  description  of  the  tests  bench  in  case  of 
interference  applied  to  the  node  (A)  of  common  mode  injection. 

This  is  the  reason  to  inject  interference  in  one  common 
mode  node  at  time,  as  described  in  Fig.2  [5].  In  this  test 
bench,  the  immunity  of  IC  to  common  mode  conducted  RF 
interference  strongly  depends  from  the  PCB  design. 


Since  PCB  translates  the  injected  common  mode 
interference  in  voltages  at  the  DUT  pins,  it  is  able  to  hide  or 
highlight  the  DUT  immunity  to  RF.  Furthermore,  the  test 
setup  of  Fig.l  shows  some  weakness  for  interference 
frequencies  higher  then  300  MHz.  In  fact,  the 
considerations  in  [5]  are  valid  until  the  dimensions  of  the 
Faraday  cage  and  those  of  objects  placed  into  the  metal 
cage  are  negligible  if  compared  with  interference 
wavelength  X.  The  Faraday  cage,  with  dimensions 
length- 0.5  m,  width=035  m,  height= 0.15  m,  behaves  as 
resonant  cavity  at  the  frequencies  fm=300*n,  frm=430*m 
with  m,n€  N . 

However,  the  WBFC  method  makes  it  possible  to  apply 
common  mode  interference  to  a  PCB,  that  means 
interference  to  the  DUT  pins  with  spectral  components 
superimposed  on  those  of  system  signals. 

B.  Direct  Injection  method 

By  this  method  the  interference  is  directly  applied  between 
a  DUT  pin  and  the  IC  ground  (Fig.  3).  The  device  is 
soldered  in  a  test  board  and  a  bias  tee  circuit  gives,  at  the 
DUT  pin,  the  interference  superimposed  on  the  system 
signal.  The  immunity  of  an  IC  evaluated  by  this  method 
does  not  depend  on  the  layout  of  PCB  layers.  Each  pin  of 
the  DUT  is  characterized  in  terms  of  a  receiving  antenna 
equivalent  circuit,  that  is  composed  by  the  series  of  a  50 
D.  radiation  resistance  and  a  voltage  source.  The  amplitude 
of  this  RF  source  is  obtained  by  the  measurement  of  the  RF 
available  power  that  induces  failures  in  the  DUT. 

This  method  can  be  used  successfully  for  narrow  band 
interference  and  in  case  of  the  system  signal  spectral 
components  separated  from  those  of  the  disturbance.  In 
other  words,  it  does  not  allow  the  injection  of  interference 
on  digital  signals  that  show  a  wide  band  spectrum. 


Fig.3.  Test  bench  for  direct  injection. 

C.  TEM  cell  Method 

In  previous  methods  CDNs  superimposed  interference  on 
system  signals.  The  TEM  cell  method  makes  it  possible  the 
evaluation  of  ICs  immunity  to  radiated  electromagnetic 
field.  TEM  cell  characteristics  and  the  PCB  design  rules  are 
taken  from  the  SAE  1752/3  normative  that  describes  the 
test  setup  and  procedure  in  the  evaluation  of  ICs 
electromagnetic  emission  [7].  The  TEM  cell  shows  a  lateral 
aperture  with  dimensions  suitable  for  the  PCB  where  the 
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DUT  is  inserted.  The  DUT  is  placed  on  the  layer  that  works 
as  a  part  of  the  TEM  cell  walls,  and  it  is  connected  to  the 
other  layers  by  vias.  The  ground  layer  realizes  a  good 
contact  to  the  TEM  cell  wall,  all  along  the  border  of  the 
aperture.  In  order  to  have  the  communication  of  the  DUT 
with  components  and  auxiliary  instruments  guaranteed,  the 
connection  cannot  be  filtered  and  the  interference  generated 
into  the  TEM  cell  will  appear  outside,  in  the  TEM  cell 
surrounding  too.  The  immunity  tests  have  to  be  performed 
by  the  test  bench  in  Fig.4  in  the  frequency  range  150kHz- 
1GHz.  The  amplitude  of  electric  field  is  stepped  till  DUT 
failure  occurs,  while  the  interference  amplitude,  frequency 
and  the  DUT  status  are  picked-up. 

III.  THE  DEVICE  UNDER  TEST 

The  DUT  is  a  microcontroller  IC  realized  by  an  HCMOS 
process  and  inserted  into  S028P  package  [8].  It  is 
composed  of  a  clock  circuit  generator,  an  8  bit  control  unit 
(CPU)  with  a  set  of  63  instructions,  8kB  of  EPROM,  256 
bytes  of  RAM,  22  bi-directional  and  multifunction  Input- 
Output  lines. 


Fig.5.  Microcontroller  general  description. 


The  following  peripherals  are  also  included:  two 
independent  16  bit  timers,  an  8  bit  Analog  to  Digital 
Converter  (ADC),  a  watchdog  circuit,  an  SPI  interface  and 
an  I2C  bus  interface  (see  Fig.5). 

A.  Test  Code 

A  batch  program  composed  of  simple  modules  was  charged 
in  the  EPROM  of  the  device.  The  microcontroller  executes 
each  module  and  jump  to  the  next  one  by  an  external 
interrupt  signal.  For  instance,  a  program  module  controls 
the  ADC  conversion  and  gives  the  digital  data  available  at 
one  of  the  micro  controller  output  ports. 

IV.  Experimental  results 

The  microcontroller  was  soldered  in  a  PCB  that  fits  well  the 
requirements  of  the  three  methods  described  in  previous 
sections.  The  PCB  is  composed  of  two  layers:  one  that 
works  as  ground  plane  and  the  other  that  gives  connections 


among  the  DUT  and  the  auxiliary  components,  required  to 
have  the  DUT  working. 


Fig.  4.  Test  setup  of  the  TEM  cell  method. 

The  DUT  is  placed  in  the  center  of  the  ground  plane  and 
connected  to  the  routing  layer  by  vias.  Its  VDD  and  Vss  pins 
are  connected  to  a  5V  power  supply  filtered  in  the  routing 
layer  by  two  capacitors  of  lOOpF  and  lOOnF  in  parallel.  The 
immunity  test  was  performed  by  the  injection  of  RF 
interference,  monitoring  the  DUT  behavior  when  the  ADC 
program  module  was  running.  Functional  errors  of  the  ADC 
were  taken  when  data  differed  from  what  expected  of  2 
LSB, 

A.  Measurements  performed  by  the  WBFC  method 

As  required  in  the  WBFC  measurement  procedure,  two 
common  mode  injection  points  were  identified  in  the  test 
board:  the  node  (A)  close  to  the  connector  of  digital 
interface  and  the  node  (B)  near  the  ADC  cable  connector 
(see  Fig.3). 

Measurements  were  performed  with  interference  applied  at 
the  node  (A)  and  the  node  (B)  connected  to  the  Faraday 
cage  by  the  Rc2=150  £1  In  the  tests  all  over  the  frequency 
range  of  1 50kHz- 1  GHz,  neither  ADC  conversion  errors  or 
system  failures  were  observed.  The  excellent  behavior  of 
the  DUT  is  apparent  because  the  test  board  was  designed  in 
order  to  avoid  common  mode  impedance  in  the  PCB 
ground  layer.  As  a  matter  of  fact,  the  method  can  be 
proposed  as  standard  in  the  evaluation  of  IC  susceptibility 
but  it  needs  to  be  completed  by  detailed  test  board  design 
guidelines.  Otherwise,  it  is  useful  in  the  evaluation  of  small 
modules  immunity  to  conducted  RF  interference. 

B.  Measurements  performed  by  the  direct  injection 

method 

Differential  mode  interference  was  injected  in 
microcontroller  input  and  output  pins,  and  experimental 
results  show  the  high  sensitivity  of  the  ADC  input  pin  and 
the  RESET  pin. 

The  ADC  immunity  was  measured  by  the  RF  source 
available  power  required  to  induce  conversion  errors  higher 
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then  2  LSB.  With  RF  injected  in  the  RESET  pin,  the 
available  power  required  to  put  the  DUT  in  the  RESET 
state  was  measured.  Figs.7,  8  show  the  experimental  results 
obtained  by  the  interference  direct  injection  [9], 


Frequency  [MHz] 

Fig.7.  Microcontroller  immunity  in  case  of  interference  applied  to 
the  ADC  input  port. 

C.  Measurements  performed  by  the  TEM  cell  method 
The  immunity  tests  were  performed  in  the  frequency  range 
lOMHz-lGHz,  by  the  evaluation  of  the  electric  field 
amplitude  by  which  DUT  failure  occurs.  The  electric  field 
amplitude,  data  converted  and  microcontroller  status  were 
picked  up  with  500  different  interference  frequencies  [10]. 
The  experiment  of  immunity  test  was  performed  for  each 
program  module  and  it  was  found  that  the  microcontroller 
was  susceptible  during  the  analog  to  digital  conversion. 
However,  conversion  errors  were  observed  for  electric  field 
higher  then  $400  V/m$.  In  fact,  the  DUT  seems  robust  to 
the  radiated  fields  and  errors  appear  with  high  intensity 
fields,  because  the  antenna  efficiency  of  the  DUT  package 
frame  to  the  die  is  really  poor. 


V.  Conclusions 

The  susceptibility  of  a  microcontroller  to  conducted  RF 
interference  was  verified  by  three  different  test  methods. 
Since  the  test  board,  where  the  DUT  is  soldered,  was 
designed  and  realized  in  order  to  reduce  the  ground  layer 
common  mode  impedance,  the  DUT  did  not  show 
functional  errors  during  the  WBFC  tests.  This  method  can 
be  proposed  as  standard  for  the  immunity  measurements, 
but  it  has  to  be  completed  by  detailed  test  board  design 
guidelines. 

Measurements  performed  by  the  direct  injection  method 
shown  that  ADC  and  RESET  pin  are  the  most  susceptible  to 
differential  mode  interference,  while  investigations 
performed  by  the  TEM  cell  method  shown  that  high 
intensity  of  the  electromagnetic  field  is  required  to  observe 
DUT  functional  errors. 


Fig.8.  Microcontroller  immunity  in  case  of  interference  applied 
to  the  RESET  pin. 
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The  method  of  far-end  crosstalk  reduction  in  coupled 
microstrip  lines  by  covering  dielectric  layer  has  been 
presented.  Influence  of  all  main  parameters  of  covering 
layer  (relative  permittivity,  height,  length  and  position) 
on  far-end  crosstalk,  near-end  crosstalk  and  active  line 
waveforms  has  been  investigated  by  modeling  the  pa¬ 
rameters  of  lines  and  simulation  of  waveforms. 

1.  INTRODUCTION 

The  crosstalk  reduction  problem  becomes  one  of  the 
most  important  signal  integrity  problems  being  an  ob¬ 
struction  for  development  of  high-speed  and  high- 
density  digital  electronic  equipment.  Particularly,  the 
problem  is  actual  for  PCBs  with  long  interconnects  in 
nonhomogeneous  dielectric  filling.  In  this  case,  the 
magnitude  of  crosstalk  at  the  far  end  of  passive  line  may 
be  much  more  than  at  the  near  end,  as  it  is  shown,  for 
example,  in  well  known  paper  [1). 

The  far-end  crosstalk  may  be  reduced  by  wider  sepa¬ 
ration  of  coupled  interconnects.  However,  it  is  often  im¬ 
possible  in  case  of  high-density  interconnects.  Another 
way  consists  in  placing  the  additional  grounded  traces 
between  coupled  interconnects,  but  it  has  the  same 
drawback  and  as  it  is  shown  in  [1],  sometimes  has  the 
negative  effect.  In  [2]  a  double-layered  dielectric  PCB 
with  interconnects  formed  by  suspended  and  inverted 
microstrip  lines  is  described.  A  number  of  useful  possi¬ 
bilities  for  reduction  of  high-speed  signal  distortions  in 
high-density  interconnects  of  the  board  are  shown  in  [3] 
and  investigated  in  detail  in  [4].  Moreover,  some  addi¬ 
tional  possibilities  for  reduction  of  far-end  crosstalk  in 
cascaded  sections  of  the  board's  interconnects  have  been 
presented  recently  [5,  6].  Particularly,  the  property  of 
capacitive  coupling  coefficient  of  two  coupled  sus¬ 
pended  or  inverted  microstrip  lines  to  be  more  than  in¬ 
ductive  coupling  coefficient  is  used  in  these  improve¬ 
ments  properly.  Unfortunately,  this  property  is  not  in¬ 
herent  to  usual  microstrip  lines  used  widely  for  high¬ 
speed  signals'  transmission  in  various  applications. 

Recently  [7],  a  possibility  of  far-end  crosstalk  re¬ 
duction  in  two  coupled  microstrip  lines  by  covering  di¬ 
electric  layer  has  been  shown.  An  influence  of  all  main 


parameters  of  the  covering  layer  (relative  permittivity, 
height,  length  and  position)  on  far-end  crosstalk  com¬ 
pensation  has  been  investigated  by  modeling  the  pa¬ 
rameters  of  lines  and  simulation  of  waveforms. ,  The 
method  has  been  found  simple  and  low-cost,  however 
more  detailed  investigation  of  the  method  is  necessary 
for  proper  usage  of  the  method  in  practice.  Particularly, 
an  influence  of  far-end  crosstalk  compensation  on  near¬ 
end  crosstalk  and  on  waveforms  of  signal  at  near  and  far 
ends  of  active  line  may  be  very  important  and  will  be 
investigated  in  this  paper. 

2.  THE  PROPOSED  METHOD 

We  consider  here  a  case  of  two  coupled  lines  only, 
assuming  for  simplicity  that  the  influence  of  other  con¬ 
ductors  is  negligible.  First,  the  main  idea  of  the  method 
will  be  described  briefly.  The  method  is  very  simple  and 
consists  in  the  following. 

As  shown  in  [8,  9],  the  capacitive  coupling  of  sus¬ 
pended  or  inverted  microstrip  lines  may  be  more  than, 
less  than  or  equal  to  the  inductive  coupling  in  accor¬ 
dance  with  parameters  of  the  lines.  Therefore,  the  far- 
end  crosstalk  being  approximately  proportional  to  the 
difference  of  capacitive  and  inductive  couplings  will 
have  positive  or  negative  polarity  or  will  be  canceled  in 
accordance  with  parameters  and  type  of  the  lines.  It  is 
well  known  that  the  capacitive  coupling  of  usual  micro¬ 
strip  line  is  always  less  than  the  inductive  coupling  for 
any  parameters  of  the  line.  However,  a  simple  addition 
of  covering  dielectric  layer  over  the  usual  microstrips 
transforms  the  ones  to  lines  similar  to  inverted  micro¬ 
strip  lines  (Fig.l).  Therefore,  some  new  properties  ab¬ 
sent  in  usual  microstrip  lines  may  appear  in  the  covered 
microstrip  lines  and  may  be  used  in  single  section  or 
cascaded  sections  of  the  coupled  lines.  Particularly,  if 
the  difference  of  capacitive  and  inductive  couplings  in 
one  section  has  a  sign,  which  is  opposite  to  the  differ¬ 
ence  of  capacitive  and  inductive  couplings  in  other  sec¬ 
tion,  the  partial  or  complete  compensation  of  far-end 
crosstalk  is  possible.  To  test  this  assumption  the  calcu¬ 
lation  of  lines'  parameters  and  simulation  of  waveforms 
would  be  done. 
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3.  CALCULATION  OF  CAPACITIVE  AND 
INDUCTIVE  COUPLINGS 

Per  unit  length  matrixes  of  capacitive  coefficients 
[C]  and  inductive  coefficients  [L]  are  calculated  for  two 
coupled  microstrip  lines  with  covering  dielectric  layer 
by  program  based  on  two-dimensional  method  of  mo¬ 
ments  and  described  in  [8,9].  Then,  using  the  calculated 
elements  of  matrixes  [C]  and  [L]  a  capacitive  coupling 
(Kc—Cz.i/C],])  and  an  inductive  coupling  (Kl=L2>1/Lm) 
are  obtained. 

The  calculated  difference  of  capacitive  and  inductive 
couplings  (Kc-Kl)  as  a  function  of  Hd2AV  is  shown  in 
Fig.2.  Note  that  the  possibility  of  (Kc-KL)  to  be  equal  to 
zero  or  more  than  zero  is  seen  clearly  for  coupled  mi¬ 
crostrip  lines  with  covering  dielectric  layer  (while  it  is 
impossible  for  coupled  microstrip  lines  without  cover¬ 
ing  dielectric  layer,  when  Hd2/W=0).  Moreover,  it  is 
seen  that  condition  er2>Er)  is  necessary  for  this  phe¬ 
nomenon. 


Fig.l.  Two  coupled  microstrip  lines  with  covering 
dielectric  layer 


Fig.2.  Dependence  of  difference  of  capacitive  and  in¬ 
ductive  couplings  (Kc-Kl)  of  two  coupled  micro¬ 
strip  lines  with  covering  dielectric  layer  on 
height  of  the  layer  Hd2/W  for  various  relative 
permittivities  of  the  layer  er2=l..,5.  Hdi/W=0.5, 
erl=3,  D/W=3,  S/W=l,  T/W=0.1 


4.  SIMULATION  OF  WAVEFORMS  ON  NEAR  AND 

FAR  ENDS  OF  ACTIVE  AND  PASSIVE  LINES 

All  calculated  waveforms  are  presented  in  two- 
column  Tables  1-3.  In  each  of  the  tables  the  active  line 
waveforms  are  shown  in  left  column  and  the  passive 
line  (crosstalk)  waveforms  are  shown  in  right  column. 

First,  the  near-end  and  far-end  crosstalk  and  active 
line  waveforms  have  been  calculated  (assuming  the 
lines  to  be  without  loss  and  without  dispersion)  for 
structure  consisting  of  one  section  of  two  coupled  mi¬ 
crostrip  lines  with  covering  dielectric  layer  (f|=0,  f2=20 
cm,  f3=0).  Parameters  of  the  lines  are  according  to  Fig.2 
for  er2=5.  All  terminations  of  lines  are  equal  to  50 
Ohms.  Ramp  input  signal  with  magnitude  Vjno=10  V 
and  rise  time  t  r  =100  ps  is  applied  at  beginning  of  ac¬ 
tive  line.  Three  examples  of  all  four  waveforms  calcu¬ 
lated  for  Hd2/W=0,  0.4,  0.8  are  shown  in  three  rows  of 
Table  1,  accordingly.  It  is  seen  clearly  that  far-end 
crosstalk  changes  significantly  when  increasing  the 
height  of  covering  dielectric  layer.  Particularly,  far-end 
crosstalk  polarity  may  be  changed  and  far-end  crosstalk 
magnitude  may  be  reduced  considerably.  It  is  seen  also 
that  for  given  value  of  Er2  (when  Er2>Erl)  the  according 
value  Hd2  may  be  chosen  to  minimize  the  far-end 
crosstalk.  Some  increasing  the  near-end  crosstalk  be¬ 
cause  of  increasing  the  capacitive  coupling  are  ob¬ 
served.  Moreover,  the  results  of  mismatching  are  ob¬ 
served  clearly  on  active  line's  waveforms. 

For  more  detailed  investigation  of  the  possibility  of 
far-end  crosstalk  reduction  a  dependence  of  the  wave¬ 
forms  on  the  length  of  covering  dielectric  layer  was 
considered.  For  this  aim  the  two-section  structure  (fi=0) 
consisting  of  a  section  of  coupled  microstrip  lines  with 
covering  dielectric  layer  and  a  section  of  coupled  micro- 
strip  lines  without  the  layer  was  analyzed.  Analytical 
formulae  used  for  calculation  of  far-end  crosstalk  wave¬ 
forms  in  two-section  structure  with  capacitance  at  junc¬ 
tion  of  the  sections  have  been  presented  in  [5]  and  are 
omitted  here.  A  detailed  derivation  of  the  formulae  is 
given  in  [10].  Strict  accounting  for  the  value  of  capaci¬ 
tive  discontinuity  at  junction  demands  a  comprehensive 
three-dimensional  electrostatic  field  calculations,  for 
example,  by  method  of  moments  presented  in  detail  in 
[11,  12],  but  it  is  not  in  scope  of  this  paper.  Nine  exam¬ 
ples  of  all  four  waveforms  calculated  for  cases  when  the 
length  of  the  section  of  lines  with  covering  dielectric 
layer  was  increasing  (f2=2,4...18  cm),  while  the  total 
length  of  two-section  structure  was  constant  (f2+f:=20 
cm)  are  shown  in  nine  rows  of  Table  2,  accordingly.  Pa¬ 
rameters  of  section  with  covering  layer  are  according  to 
Fig.2  for  er2=5  and  Hd2/W=0.8.  It  is  seen  that  far-end 
crosstalk  magnitude  may  be  reduced  in  this  case  simi¬ 
larly  to  the  previous  case.  However,  it  is  achieved  by 
means  of  compensation  of  the  negative  far-end  crosstalk 
of  the  second  section  by  the  positive  far-end  crosstalk  of 
the  first  section.  Thus,  in  case  of  very  thick  covered  di¬ 
electric  layer  the  length  of  the  layer  would  not  be  very 
long  for  complete  compensation  of  far-end  crosstalk. 
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Table  3.  Active  (left  column)  and  passive  (right  column) 
lines'  waveforms  (V,  ns)  calculated  for  increasing  posi¬ 
tion  (£, =0,2...  10  cm)  of  section  with  covering  dielectric 
layer  according  to  complete  compensation  of  far-end 


At  last,  an  influence  of  covering  dielectric  layer's 
position  on  complete  far-end  crosstalk  compensation 
was  considered.  For  this  aim,  the  length  of  covering  di¬ 
electric  layer  according  to  complete  compensation  of 
far-end  crosstalk  for  structure  of  Table  2  has  been  found 
(4=9.84  cm).  Then,  the  position  £,  of  this  covering  di¬ 
electric  layer  from  lines'  beginning  was  increased 
(4=0,2.  ..10  cm),  while  the  total  length  of  three-section 
structure  was  constant  (4+4+4~20  cm)  and  according 
waveforms  have  been  calculated  by  analytic  formulae 
proposed  in  [13]  and  extended  by  authors  for  lines  of 
arbitrary  lengths  [14], 

All  four  waveforms  calculated  for  considered  cases 
are  shown  in  six  rows  of  Table  3,  accordingly.  It  is  seen 
that  phenomenon  of  complete  far-end  crosstalk  compen¬ 
sation  is  observed  also  in  structure  consisting  of  three 
sections  of  lines.  Moreover,  an  influence  of  position  of 
covering  dielectric  layer  on  this  phenomenon  is  negligi¬ 
ble. 

Behavior  of  near-end  crosstalk  waveforms  both  in 
Table  2  and  Table  3  is  quiet  interesting.  It  is  seen  that 
upper  part  of  near-end  crosstalk  waveforms  is  some  im¬ 
age  of  covering  dielectric  layer.  Particularly,  the  dura¬ 
bility  of  the  upper  part  is  proportional  to  length  of  cov¬ 
ering  dielectric  layer,  while  the  start  time  of  the  upper 
part  is  according  to  position  of  covering  dielectric  layer 
from  lines’  beginning.  The  phenomena  may  be  used 
properly  in  some  applications. 

5.  CONCLUSIONS 

5.1.  The  method  of  far-end  crosstalk  reduction  in  cou¬ 
pled  microstrip  lines  by  covering  dielectric  layer  has 
been  presented. 

5.2.  The  method  is  very  simple  and  low-cost  because 
the  covering  dielectric  layer  may  be  implemented,  for 
example,  manually  by  attaching  the  layer  of  glue  or  di¬ 
electric  plate. 

5.3.  The  method  may  be  used  for  improving  the  direc¬ 
tional  couplers'  directivity. 

5.4.  Moreover,  the  method  may  be  useful,  for  example, 
for  quick  reduction  of  large  far-end  crosstalk  detected 
suddenly  in  circuit  boards  having  been  traced  and  manu¬ 
factured  without  proper  modeling  of  interconnects. 

5.5.  Influence  of  all  main  parameters  of  covering  layer 
(relative  permittivity,  height,  length  and  position)  on  far- 
end  crosstalk,  near-end  crosstalk  and  active  line  wave¬ 
forms  have  been  investigated  by  modeling  the  parame¬ 
ters  of  lines  and  simulation  of  waveforms. 

5.6.  Very  small  influence  of  the  covering  dielectric 
layer's  position  on  complete  far-end  compensation  may 
simplify  considerably  the  usage  of  the  method  in  prac¬ 
tice. 

5.7.  All  four  waveforms  calculated  for  various  parame¬ 
ters  of  the  covering  dielectric  layer  show  clearly  the 
phenomenon  of  far-end  crosstalk  compensation  and  its 
influence  on  near-end  crosstalk  and  active  line  wave¬ 
forms.  The  influence  is  found  to  be,  as  a  rule,  insignifi¬ 
cant  and  quiet  controllable  for  proper  usage  of  far-end 
crosstalk  compensation  in  practice. 
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Abstract  This  paper  describes  a  method  for  estimating 
current  and  voltage  distributions  by  scanning  with  a  probe. 
The  method  takes  advantage  of  the  phenomenon  that  the 
coupling  between  the  current  and  the  probe  varies  with 
the  direction  of  the  probe.  The  current  and  voltage  are 
estimated  by  calculating  the  probe  vector  output  for  each 
of  four  directions.  Both  the  current  and  voltage  vector  dis¬ 
tributions  can  thus  be  estimated  at  the  same  time  by  using 
a  single  probe.  The  simple  structure  of  the  probe  should 
make  it  easy  to  reduce  its  size.  The  estimated  distributions 
in  a  digital  IC  package  showed  that  this  method  produces 
reliable  results. 

1.  INTRODUCTION 

To  identify  the  source  of  electromagnetic  radiation 
emanating  from  electronic  equipment,  it  is  helpful  to  know 
the  current  and  voltage  distributions  in  the  equipment.  This 
information  can  then  be  used  to  eliminate  or  reduce  elec¬ 
tromagnetic  interference.  The  current  and  voltage  distri¬ 
butions  in  IC  packages  and  on  printed  circuit  boards  have 
thus  been  investigated.  Magnetic  probes  such  as  shielded 
loops'11  and  electric  probes121  have  been  used  to  measure 
the  near  electromagnetic  field.  The  current  distribution  is 
estimated  from  the  near  magnetic  field,  and  the  voltage 
distribution  is  estimated  from  the  near  electric  field.  There¬ 
fore,  both  magnetic  and  electric  probe  scanning  are  nec- 
essaiy  to  determine  the  current  and  voltage  distributions. 

Shielded  loops,  which  are  used  for  estimating  the  cur¬ 
rent  distribution,  have  a  shielded  structure  to  prevent  elec¬ 
tric  coupling.  This  structure  makes  it  difficult  to  reduce 
the  size  of  the  probe.  Furthermore,  in  some  cases,  the  shield 
stmcture  is  ineffective  against  high-frequency  radiation. 

In  this  paper  we  describe  a  method  for  estimating 
both  the  current  and  voltage  distributions  simultaneously 


by  scanning  with  a  single  probe.  The  probe  has  a  simple 
stmcture,  so  it  should  be  easy  to  reduce  its  size.  The  method 
takes  advantage  of  the  difference  between  electric  cou¬ 
pling  with  the  voltage  and  magnetic  coupling  with  the 
current.  The  coupling  current  and  voltage  are  estimated 
by  measuring  the  vector  outputs  from  the  probe  when  the 
orientation  of  the  probe  is  changed.  By  scanning  with  this 
probe,  the  current  and  voltage  distributions  can  be  calcu¬ 
lated.  We  also  describe  the  measurement  system  using  this 
method  and  our  estimation  of  the  current  and  voltage  dis¬ 
tributions  in  a  digital  IC. 

2.  ESTIMATING  METHOD 

2.1  Couplings  with  current  and  voltage 

Figure  1  shows  the  probe  coupling  with  voltage  V 
and  current  I,  which  is  parallel  with  the  probe.  The  volt¬ 
age  and  current  are  given  by 

V=ASin  ( u>t+0  v).  (i) 
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l=BSin  (cot+e  c).  (2) 

where  A  and  B  are  the  magnitude  of  voltage  and  cur¬ 
rent,  and  9  v  and  9  c  are  phase  angles. 

The  probe  is  a  metal  line  that  is  smaller  than  the  wave¬ 
length.  It  is  coupled  with  the  current  and  voltage,  and  each 
end  is  terminated  by  the  same  impedance.  The  current  re¬ 
sulting  from  the  magnetic  coupling  with  current  (I,)  and 
that  resulting  from  electric  coupling  with  voltage  (Iv)  flow 
in  the  probe.  The  directions  of  the  current  resulting  from 
the  magnetic  coupling  (I,)  are  different  at  the  two  ends  of 
the  probe,  but  the  directions  of  the  current  resulting  from 
the  electric  coupling  (Iv)  are  the  same  at  the  two  ends. 
Therefore,  the  outputs  at  the  two  ends  of  the  probe  are 
different.  The  current  and  the  voltage  are  estimated  from 
this  difference. 

The  outputs  at  the  two  ends  of  the  probe  are  given  by 

0  i  =cti  V+P1 1  .  (3) 

02=a1V-p1l.  (4) 

where  a  l  and  j3  1  are  the  coupling  coefficients, 
which  vary  with  the  position  of  the  ground  and  probe. 

From  these  relationships,  the  current  I  and  voltage 
V  are  derived  as 


0  ■,  +0  ? 
V= - - - i 

2a  1 


(5) 


,=  OrOz 
2p, 


(6) 


2.2  Current  and  voltage  distributions 

Figure  2  illustrates  our  method  for  estimating  the  cur¬ 
rent  and  voltage  distributions.  It  shows  current  I  with  cur¬ 
rent  angle  ($>  and  voltage  V  at  point  (x,  y)  on  the  measure¬ 
ment  plane.  The  probe  outputs  for  the  four  rectangular 
directions  (OxP  0M,  OyP  Oyr)  are  given  by 

0  {x,y)s'n  (cot+0  v(Ky;,) 

-c°s+P2b  Msin(®t+e  c(xy)).  (7) 


0xr=“2AMSin(“t+ev(x,y,) 


+Cos<H52B  (xy)Sin  (cot+6  c(xy)).  (8) 

°yf=ct2A  (x,y)S'n  (mt+e  v(x.y) ) 

-Sin  ♦P2BMSin(o>t+9c(Xiy)).  (9) 

°yr=:a2A(x,y)S'n(mt+9»(x,y)) 

+Sin<ffi?B  (,y)Sin(mt+f>  c(xy,)  (io) 

where  a  2  and  j3  2  are  coupling  coefficients,  A(xj) 
and  B  are  the  magnitudes  of  the  voltage  and  current, 
and  9  y(xy)  and  9  c(xy)  are  the  phase  angles. 

From  these  relationships,  we  derive  the  X  direction 
voltage  (Eq.  11),  the  Y  direction  voltage  (Eq.  12),  the  X 
direction  current  (Eq.  13),  and  the  Y  direction  current  (Eq. 
14). 

A  (X.y)  Sin  (“t+e  y,„y))=0^r.  (11) 

A  (x,y)Sin  {mt+B  y(x,y))=~~iL.  <12, 


C0S4.B  <xy, Sin  (cot+e  v<x,y))=°*  °  " 


.(13) 


Sin  4>B  (xy)Sin  (<ot+9  v(xy)  ^  .  (14) 
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If  these  relations  are  correct,  the  X  and  Y  direction 
voltages  must  be  the  same. 

3.  MEASUREMENT  SYSTEM  FOR  ESTIMATION 

3.1  Probe 

Figure  3  shows  the  structure  of  the  probe  used  for 
this  estimation  system.  It  is  composed  of  a  sensing  com¬ 
ponent  and  two  50-ohm  strip  lines  made  in  a  multilayer 
printed  circuit  board.  The  sensing  component  consists  of 
a  0.2-mm  width  line  and  is  about  0.4  by  0.6  mm.  The  cur¬ 
rent  and  voltage  of  the  measurement  plane  couple  with 
the  0.2-mm  line.  One  end  of  the  50-ohm  strip  lines  is  con¬ 
nected  to  a  measuring  instrument,  and  the  other  is  termi¬ 
nated  by  an  impedance  of  50  ohms. 

3.2  Measurement  system 

Figure  4  shows  the  setup  of  the  estimation  system 
fortesting  a  digital  IC  device.  The  probe  scanning  is  driven 
by  a  3-dimensional  actuator  controlled  by  a  personal  com- 
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putcr.  The  vector  outputs  from  the  probe  are  measured 
using  a  vector-signal  analyzer  (HP89441  A),  which  mea¬ 
sures  both  the  magnitude  and  phase  of  the  high-frequency 
signals.  The  signal  generator  used  to  nm  the  device  being 
tested  uses  a  standard  signal  from  the  vector-signal  ana¬ 
lyzer  to  maintain  the  accuracy  of  its  signal  frequency, 
which  is  necessary  to  measure  the  phase  of  the  signal. 

The  probe  is  shifted  between  four  rectangular  orien¬ 
tations  while  it  is  continuously  scanning  above  the  device 
being  tested.  The  vector  outputs  at  each  of  these  probe 
positions  are  measured,  then  used  to  calculate  the  current 
and  voltage  distributions. 

4.  DISTRIBUTIONS  IN  A  DIGITAL  IC 

The  current  and  voltage  distributions  of  the  300-mil 
small-outline-package  CMOS  digital  IC  (74AC04)  shown 
in  Figure  5  were  estimated  using  this  method.  The  IC  was 
mounted  on  a  printed  circuit  board.  Six  inverters  in  the  IC 
were  connected  as  shown  in  Fig.  5  and  driven  by  a  20- 
MHz  wave.  The  source  voltage  was  5  V.  The  probe  scanned 
in  0.2-mm  steps  on  a  plane  about  0.5  mm  above  the  IC 
package. 

Figure  6  shows  the  estimated  X  direction  current  and 
voltage  distributions  in  the  IC  at  the  5th  harmonics  (100 
MHz)  of  the  signal  wave.  Because  the  coupling  coeffi¬ 
cients  are  unknown,  the  magnitude  scales  are  relative.  Fig¬ 
ure  7  shows  the  estimated  Y  direction  distributions  at  the 
5th  harmonics. 

To  verily  these  estimated  results,  we  compared  the 
voltage  distributions  (magnitude  and  phase)  in  the  X  and 
Y  directions.  Both  the  magnitudes  and  phase  angles 
showed  good  agreement,  indicating  that  this  measurement 
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Fig.  8.  Current  distribution  in  a  IC  (100MHz:  5th  harmonics). 


Fig.  9.  Current  distribution  in  a  IC  (120MHz:  6th  harmonics). 


system  gives  reliable  estimations. 

We  calculated  the  current  magnitude  (I  )  distribu¬ 
tions  by  using 

|  =Jj  2+j  .  (15) 

m  V  x  y  v  ' 

where  Ix  is  the  current  magnitude  in  the  X  direction 
and  IY  is  that  in  the  Y  direction.  Figure  8  shows  the  cur¬ 
rent  magnitude  distributions  at  the  5th  harmonics  (100 
MHz).  Figure  9  shows  the  current  magnitude  distributions 
at  the  6th  harmonics  (120  MHz). 

As  shown  in  Figure  8,  the  5th  harmonics  current 
flowed  in  the  last  inverter  lead-frame,  which  had  a  load  of 
47  pF  and  in  the  source  and  ground  lead-frame.  A  similar 
pattern  was  seen  at  odd  harmonics.  As  shown  in  Figure  9, 
the  6th  harmonics  current  mainly  flowed  in  the  source  and 
ground  lead-frame.  A  similar  pattern  was  seen  at  even 
harmonics. 

The  waveform  in  the  output  lead-frame  is  thus  trap¬ 
ezoidal  and  consists  mainly  of  odd  harmonics,  while  the 
current  in  the  source  and  ground  lead-frame  contains  even 
harmonics. 


5.  CONCLUSIONS 


We  described  a  method  for  estimating  current  and 
voltage  distributions  by  using  a  simple  probe.  This  method 
takes  advantage  of  the  phenomenon  that  the  coupling  be¬ 
tween  the  current  and  the  probe  varies  with  the  direction 
of  the  probe.  Both  the  current  and  voltage  vector  distribu¬ 
tions  can  be  estimated  at  the  same  time  by  using  a  single 
probe.  The  probe  has  a  simple  structure,  so  it  should  be 
easy  to  reduce  its  size. 

We  set  up  an  estimation  system  using  this  method 
and  estimated  the  current  and  voltage  distributions  in  a 
digital  IC. 

Our  experimental  results  showed  that  our  method  is 
effective  for  estimating  current  and  voltage  distributions, 
which  will  be  useful  information  for  EMC. 


6.  REFERENCES 

[1]  H.  Wakuba,  N.  Masada,  N.  Tamaki,  H.  Tohya,  T. 
Watanabe,  M.  Yamaguchi,  and  K.  Arai,  "Estimation  of 
the  RF  Current  at  IC  Power  Terminal  Using  Magnetic 
Probe  with  Multilayer  Structure.",  Technicalreport  of 
IECE.  EMCJ  98-6,  pp.  39H3,  April  1998. 

[2]  A.  Namba,  O.  Wada,  and  R.  Koga,  "Measurement 
of  Near-Field  Emission  from  Printed  Circuit  Board 
Using  Miniature  E-Field  Probe.",  Technical  report  of 
IECE.  EMCJ  98-46,  pp.  41-46,  Sept.  1998 

BIOGRAPHICAL  NOTES 

Satoshi  Kazama  received  his  B  E.  degree  from  Niigata 
University,  Niigata,  Japan,  in  1 986.  He  joined  Taiyo  Yuden  Com¬ 
pany  in  1986.  Since  1996,  he  has  worked  at  the  Electromagnetic 
Compatibility  Research  Laboratories.  His  research  interests  in¬ 
clude  electromagnetic  compatibility  and  microwave  components. 

Shinichi  Shinohara  received  his  B.E.  and  M.E.  degrees  from 
University  of  Electro-Communications,  Chofu,  Japan,  in  1970 
and  1972,  respectively.  From  1972  to  1998,  he  worked  in  the 
NTT’s  Laboratories.  He  joined  Sony  Corporation  in  1998.  Since 
1 996,  he  has  been  a  general  manager  at  Electromagnetic  Com¬ 
patibility  Research  Laboratories.  Presently  he  is  engaged  in  re¬ 
search  on  countermeasures  technology  on  EMC. 

Risaburo  Sato  received  his  B.E.  and  PhD.  degrees  from 

Tohoku  University,  Sendai,  Japan,  in  1944  and  1952,  respec¬ 
tively.  From  1961  to  1984,  he  was  a  professor  at  Tohoku  Uni¬ 
versity.  From  1 984  to  1 999,  he  was  dean  of  the  faculty  of  engi¬ 
neering  of  Tohoku  Gakuin  University,  Tagajo,  Japan.  His  research 
activities  include  studies  on  distributed  transmission  circuits  as 
multi-conductor  systems,  antennas,  computer  networks  and 
EMC.  He  is  the  president  of  Electromagnetic  Compatibility  Re¬ 
search  Laboratories. 


EMC  2000 


INTERNATIONAL  WROCLAW  SYMPOSIUM 
ON  ELECTROMAGNETIC  COMPATIBILITY 


NEW  3D  MODEL  OF  INTERNAL  ELECTROMAGNETIC  NOISES  IN  VLSI  CHIP 


Igor  V.  Vasiltsov 

Institute  of  Computer  Informational  Technology,  Ternopil  Academy  of  National  Economy, 
Lvivska  street,  11,  Ternopil,  48004,  UKRAINE,  E-mail:  iv@tanet.edu.te.ua;  igorvasiltsov@mail.ru 

Bogdan  A.  Mandzij, 

State  University  “Lvivska  polytechnika”,  Bandery  street,  12,  Lviv,  290646, UKRAINE 


In  this  paper  a  problem  of  constructing  a  new 
three-dimensional  calculation  model  for  evaluating 
the  parasitic  electromagnetic  noise  is  considered. 

The  mathematical  model  of  internal  electromag¬ 
netic  conductive  noise  for  matrix  VLSI  with  corn- 
planar  topology  of  power  supply  feeding  have  been 
obtained. 

Obtained  model  have  to  be  used  when  calcu¬ 
lating  the  reliability  parameters  of  designed  digital 
devices  constructed  on  programmable  VLSI  chip. 

1.  INTRODUCTION 

The  main  reasons  of  false  functioning  of  mod¬ 
ern  digital  devices  are  short-timed  self-repairing 
failures,  intensity  of  which  is  some  level  above  in¬ 
tensity  of  the  steady  faults.  These  failures  appear¬ 
ance  is  a  result  of  internal  electromagnetic  parasitic 
noises  in  VLSI  chip  during  simultaneous  switching 
of  logic  gates.  That  is  why  the  determine  of  failures 
occurrence  risk  at  the  early  stages  of  designing  as 
well  as  making  requested  correction  into  the 
structure  of  device  is  the  especially  actual  task. 

The  method  of  evaluation  of  digital  devices 
functional  reliability,  which  is  based  on  the  ac¬ 
counting  approach  to  constructing  of  internal  noise 
mathematical  models  and  estimation  of  their  char¬ 
acteristics  together  with  taking  into  account  the 
constructive  and  technological  parameters  of  VLSI 
chips  has  been  discussed  in  [1],  Using  of  this  me¬ 
thod  request  to  determine  the  estimation  of  the  in¬ 
ternal  noise  characteristics  with  taking  into  account 
the  constructive  and  technological  parameters  of 
VLSI  chips  as  well  as  determine  appropriate  confi¬ 
dence  intervals.  The  analysis  of  the  elec¬ 
tromagnetic  noises  shows  [2,  5],  that  the  main  rea¬ 
son  for  decreasing  noise  immunity  margin  of  a 
logic  element  is  a  conductive  noise.  It  arises  ac¬ 
cording  to  current  value  during  simultaneous 
switching  of  logic  gates  (LG)  and  causes  the  de¬ 
creasing  of  voltage  value  applied  at  LG.  This  de¬ 
crease  the  noise  immunity  margin  of  LG. 


So,  according  to  mentioned  above  it  is  neces¬ 
sary  to  develop  the  mathematical  models  (MM)  for 
evaluation  consistently  the  parameters  of  internal 
electromagnetic  noises  for  different  types  of  topol¬ 
ogy  layout. 

In  this  paper  the  MM  of  internal  conductive 
noise  in  matrix  VLSI  with  complanar  topology  has 
been  considered. 

2.  MODEL  OF  POWER  SUPPLY  FEEDING 

For  the  evaluation  of  internal  noises  parameters 
it  is  requested  to  analyse  their  appearance  process 
on  the  basis  of  corresponding  equivalence  circuits. 

Earlier,  the  equivalent  calculation  circuits  of  in¬ 
ternal  noises  have  been  obtained  [3],  They  have 
been  used  to  build  the  appropriate  mathematical 
models  of  internal  noises.  On  to  the  basis  of  ob¬ 
tained  relations  the  models  of  mathematical  ex¬ 
pectation  and  dispersion  of  conductive  noise  have 
been  developed. 

But  obtained  relations  describe  only  single 
situation,  using  2D  models  of  internal  electromag¬ 
netic  noises.  Sometimes  it  is  important  for  devel¬ 
oper  to  have  the  estimation  of  the  electromagnetic 
field  distribution  of  the  whole  chip.  Such  data  can 
be  compared  with  others  (for  example  with  the  chip 
temperature  distribution)  to  define  the  critical  area 
of  the  chip  from  the  viewpoint  of  complex  influence 
of  temperature  and  internal  electromagnetic  noises 
as  well. 

On  the  Fig.1  a  simplify  variant  of  matrix  VLSI 
with  a  complanar  topology  of  power  supply  feeding 
has  been  shown.  There  are  next  marks  on  the 
Fig.1:  R0  describes  the  resistance  between  power 
supply  and  feed/ground  lines;  ARt  describes  re¬ 
sistance  of  horizontal  part  of  feed/ground  lines;  AR 
describes  resistance  of  vertical  part  of  feed/ground 
lines.  In  general  case  these  three  resistance  can 
be  different.  It  depends  on  the  particulars  of  spe¬ 
cific  technological  process  and  requested  con¬ 
structional  layout. 
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Supposed  that  probability  of  all  LG  state 
combinations  are  equal,  we  can  find  the  dispersion 
and  mathematical  expectation  of  variables  xtf,  x„ : 

M(Xij)=M(Xii)=0, 5;  D(Xii)-D(Xji)-0, 25. 

According  to  this  the  mathematical  expectation 
of  internal  conductive  noise  in  matrix  VLSI  with  or¬ 
thogonal  topology  of  power  supply  feeding  will  de¬ 
fined  as  follows: 


M[UkJ]  =  2/^XI  M[x,j]  +  2/,AS,  x 

c=i  y=i 

'ns  n  p 

*  ZZb -j\Mixu]+'E'E\a~l\M^  + 

i=l  j=s  (=1  j=p 


+ 1]  &R  ■  Z '  •  M[xtt  ]  +  k  Z  Mlxn  1  + 

,i=l  j=*+i 

k  N 

+  (N~k  +  l)y£JM[xil)+  X(^-/  +  DM%]  = 
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are  in  the  worst-case  situation  from  the  viewpoint  of 
internal  electromagnetic  noises  influence  (see 
Fig. 2,  3).  For  the  simulation  the  next  parameters 
were  used:  N=M=21;  E=5  V;  \d\  mA;  Ro=0.005 
Ohm.  AR^O.002  Ohm.AR=0.01  lohm.  In  the  worst- 
case  situation  is  LG  situated  farthest  from  the  con¬ 
nect  point  of  power  supply  feeding.  In  the  given 
example  these  are  gates  situated  at  the  middle  of 
the  outside  columns.  For  uSed  parameters  the  cal¬ 
culated  maximum  value/  of  internal  conductive 
noise  is  equal  6.847  mV/ 

4.  CONCLUSION 

Obtained  relations  allow  to  evaluate  consistently 
the  influence  of  the  electromagnetic  noises,  caused 
by  simultaneous  switching  of  LG.  These  models 
have  been  used  for  the  evaluation  of  the  digital  de¬ 
vice  reliabijiiy.  The  obtained  equations  take  into 
account  the  properties  of  the  chip  constructive  re- 
alisation/This  increases  efectivity  and  shorts  terms 

of  the  designing  process. 

/ 
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The  simulation  of  obtained  3D  models  were 
made.  It  permits  to  determine  the  logic  gates  which 
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lated  closed  loop;  UIAR  -  means  the  voltage  drop  at 
the  all  AR  resistance,  which  are  included  in  the  cal¬ 
culated  closed  loop  (see  Fig.1). 

All  resistance  value  can  defined  on  to  the  basis 
of  constructional  and  technology  parameters  of  the 
chip  as  shown  in  [1,  4].  So,  to  obtain  a  noise  volt¬ 
age  it  requested  to  calculate  the  currents  which 
flow  through  each  part  of  feed/ground  lines.  The 
noise  voltage  at  any  gate  will  be  determined  as 
follows: 
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where  /,  -  means  a  nominal  current  of  LG  at  the 
high  output  level;  N  -  means  the  number  of  LG  in 
the  column;  M  -  means  the  number  of  LG  in  the 
row;  k ,  I  -  determine  the  ordinal  number  of  LG  in 
the  column  and  row  respectively;  x,y,  X/,-  means  the 
logical  state  of  LG,  it  can  take  the  value  one  or  zero 
accordingly  to  logic  state  of  LG; 
a  -  means  the  ordinal  number  of  middle  column: 


Fig.1.  Variant  of  matrix  VLSI  with  a  complanar  to¬ 
pology  of  power  supply  feeding 

3.  MATHEMATICAL  MODELS  OF  INTERNAL 
CONDUCTIVE  NOISE 

For  constructing  of  mathematical  models  of  in¬ 
ternal  conductive  noise  the  second  law  the  classi¬ 
cal  laws  were  used.  According  to  it  the  noise  volt¬ 
age  at  any  logic  gate  in  the  matrix  chip  with  com¬ 
planar  topology  of  power  supply  feeding  will  defined 
as  follows: 


M+  1 

“=—  :  (3> 

s,  S  -  mean  number  of  first  and  last  row  between  /- 
-th  row  and  middle  row  respectively: 

/,  a>  l 
a,  a<  l 

;  (4) 

a- 1,  a>  l 
l,  a  <1 


U k,l  -  2^0  +  Ri  +  ^2A R  - 

-  2  z’flg  •  Rq  +  2 z'SAJ?]  •  Ai?j  +  A R  ^ 

where  E  -  means  the  nominal  value  of  power  sup¬ 
ply  feeding;  UR0  -  means  the  voltage  drop  at  the  R0 
resistance;  UlAR1  -  means  the  voltage  drop  at  the 
all  ARt  resistance,  which  are  included  in  the  calcu- 


p,  P-  mean  number  of  first  and  last  row  between  /- 
-th  row  and  edge  row  respectively: 

fl,  col 
P  =  \l,  a<l 

,  (5) 

17-1,  a>l 
S  [M,  a<l 
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Supposed  that  probability  of  all  LG  state 
combinations  are  equal,  we  can  find  the  dispersion 
and  mathematical  expectation  of  variables  xff,  xd : 

M(Xij)-M(Xii)~0, 5;  D(Xu)=D(x,J=0,25. 

According  to  this  the  mathematical  expectation 
of  internal  conductive  noise  in  matrix  VLSI  with  or¬ 
thogonal  topology  of  power  supply  feeding  will  de¬ 
fined  as  follows: 


N  M 
'=1 7=1 

NS  N  P 

Z  Zk  -  j\  m**-] +Z  Zk- 

L/=1  J=s  '='  J=P 

k  N 

Z i-Mlxn]  +  *  Z  M*//]  + 

i=k+ 1 


7=1 


N 


+  7jAi?  • 

+  (N~k  +  l)J^M[x„]+  X(  N-i  +  l)M[xu) 

i=  1  i=t+l 

’w  S 

=  /,/ViV-Af  +  /1Atf]  ZZI«-7l 

_i=l  7=j 

+  /jA/?]  •  7V(P  -  p  +  l)|a  -  /|  +  7,Ai?  x 

2k(N  -k  +  l)+  N2  +  3N  +  2 


(6) 


and  dispersion  respectively: 


1=1  j=s 
2 


N  M 

D[UkJ]  =  (2/1i?o)2XZA^]  +  (2/1Ai?1)2  x 

1=1  J=1 

ZZk-/ tf-xy  i +Z  Z  k  -  f  ^  ] 

,=i  j-p 

"  it  7/ 

^■IAx^  +  k1  £z*crf]  + 

L/=l  i=*+l 

it  N 

+  (N-k  +  \)2YJDLxi,]+  ^(N-i  +  lfDix,,} 

i=i  i=it+i 


+  (/iM) 


w  5 


ZZk-7 

1  =  1  j=s 


,|2 


=  (I[R0)2-NM+(IlARl)2 

+  (7|Ai?j )2  ■  N(P- p  +  l)\a  - 1\ 2  + 
A:(A:  -  TV  - 1)  +  1  + 


2Ar3  +  SW2  +  13W 


(7) 


are  in  the  worst-case  situation  from  the  viewpoint  of 
internal  electromagnetic  noises  influence  (see 
Fig.2,  3).  For  the  simulation  the  next  parameters 
were  used:  N=M=21;  E=5  V;  L=1  mA;  R0=0.005 
Ohm.  AR-|=0.002  Ohm.AR=0.01  Ohm.  In  the  worst- 
case  situation  is  LG  situated  farthest  from  the  con¬ 
nect  point  of  power  supply  feeding.  In  the  given 
example  these  are  gates  situated  at  the  middle  of 
the  outside  columns.  For  used  parameters  the  cal¬ 
culated  maximum  value  of  internal  conductive 
noise  is  equal  6.847  mV. 

4.  CONCLUSION 

Obtained  relations  allow  to  evaluate  consistently 
the  influence  of  the  electromagnetic  noises,  caused 
by  simultaneous  switching  of  LG.  These  models 
have  been  used  for  the  evaluation  of  the  digital  de¬ 
vice  reliability.  The  obtained  equations  take  into 
account  the  properties  of  the  chip  constructive  re¬ 
alisation.  This  increases  efectivity  and  shorts  terms 
of  the  designing  process. 
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The  simulation  of  obtained  3D  models  were 
made.  It  permits  to  determine  the  logic  gates  which 
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Fig. 2.  Distribution  of  the  mathematical  expectation  of  internal  conductive  noise  accordingly  to  ordinal  number 
of  LG  in  the  VLSI  chip 


Fig. 3.  Distribution  of  the  dispersion  of  internal  conductive  noise  accordingly  to  ordinal  number  of  LG  in  the 
VLSI  chip 
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Experiments  have  been  conducted  to  investigate 
the  characteristics  of  radiated  emission  from  optical 
transceiver  modules,  and  its  radiated  immunity.  The 
experimental  results  reveals  that  in  order  to  suppress 
radiated  emission,  it  is  necessary  to  reduce  the  antenna 
efficiency  between  the  light  emitting  diode  (LED)  and 
the  LED  driver.  In  order  to  increase  the  immunity  to 
radiated  noise,  we  need  to  reduce  antenna  efficiency 
by  shielding  the  optical/electro  (O/E)  converter. 

l.INTRODUCTION 

Since  long  distance  transmission  of  large  capac¬ 
ity  media  such  as  video,  audio  are  currently  required, 
optical  fiber  transmission  networks,  with  its  charac¬ 
teristic  wide  band  and  low  loss,  have  been  improved 
and  implemented.  Until  recent,  the  EMC  in  optical  fi¬ 
ber  transmission  systems  has  not  been  considered  a 
problem  [1][2],  such  that  there  are  only  a  few  reports 
on  the  immunity  of  the  O/E  converter  [3]  [4]  and  opti¬ 
cal  modulator  [5]  at  short  wavelengths.  However,  in 
optical  fiber  transmission  systems,  various  electric  cir¬ 
cuits  are  used,  and  both  the  electro/optical  (E/O)  con¬ 
verter  and  optical  transmission  equipment  may  radiate 
electromagnetic  noise  [6],  Additionally,  they  may  pos¬ 
sibly  be  affected  by  electromagnetic  interference 
waves.  It  is  important  therefore,  to  comprehend  this 
in  design  procedures  and  to  apply  countermeasures 
against  them. 

In  this  study,  we  report  on  the  experimental  in¬ 
vestigation  into  the  characteristics  of  radiated  emis¬ 
sion  and  radiated  immunity-  of  optical  transceiver  mod¬ 


ules.  With  regard  to  the  radiated  electromagnetic  noise 
characteristic,  we  measured  the  strength  of  the  radi¬ 
ated  electric  field  and  the  distribution  of  the  near  mag¬ 
netic  field.  Concerning  radiated  immunity,  we  mea¬ 
sured  the  radiated  impulse  noise  immunity'  and 
searched  the  lowest  electric/magnetic  immunity  points. 

2.EXPERIMENT 

In  this  experiment  we  used  seven  types  of  com¬ 
mercially  available  optical  transceiver  module,  which 
are  currently  used  for  high  speed  computer  communi¬ 
cation  systems  based  on  the  Fiber  Distribution  Digital 
Interface  (FDDI)  standard.  Optical  fibers  with  a  con¬ 
nector  designated  for  FDDI  are  connected  to  each 
module.  The  connecting  pins  are  13PIN-DIP,  and  the 
package  is  plastic  molded.  The  module  size  is  64  mm 
x  44  mm  x  13mm.  The  optical  center  wavelength  for 
fiber  optic  transmission  via  multi-mode  fibers  is 
1300nm.  The  data  transmitting  speed  is  125Mbps.  The 
power  voltage  is  5  V,  supplied  from  batteries.  The  mod¬ 
ule  is  a  transceiver  with  an  optical  transmitter/receiver, 
configured  in  a  single  package. 

Fig.  1  shows  a  block  diagram  of  the  circuit.  The 
optical  receiving  unit  employs  a  photo  diode  (PD)  as 
the  receiving  device.  A  digital  circuit  is  also  incorpo¬ 
rated  into  the  optical  receiving  circuit.  On  the  other 
hand,  the  optical  transmission  circuit  incorporates  an 
LED  as  a  light-emitting  device  in  the  1300  rnn  band. 
The  optical  transceiver  is  composed  of  the  LED  and 
LED  driver.  Table  1  shows  both  O/E  and  E/O  configu¬ 
rations  of  each  module. 
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Optical  Transmitter 


LED  Driver 

LED 

_ 

1 

E/O  Converter  Transmitter  Circuit 


Fig.  1  Block  diagram  of  the  circuit 


Table  1  List  of  evaluation  samples 


O/E  structure 

E/O  structure 

No.l 

PD  bare  chip 

LED  bare  chip 

No.2 

PD  bare  chip 

m 

No.  3 

PD  module 

LED  module 

No.4 

PD-AMP  module 

LED  module 

No.5 

PD-AMP  module 

LED  module 

No.6 

PD-AMP  module 

LED  module 

No.7 

PD-AMP  module 

LED  module 

2.1  Measurement  of  radiated  electric  field  strength 
characteristics 


Fig.  2  shows  a  radiated  electric  field  strength  mea¬ 
suring  system.  The  3  m  method  was  adopted  with  an 
optical  transceiver  module  mounted  in  an  anechoic 
chamber,  and  both  biconical  and  log-periodic  anten¬ 
nas  were  employed.  To  eliminate  the  influences  from 
electric  cables,  signals  were  passed  through  optical  fi¬ 
bers  originating  from  outside  of  the  anechoic  cham¬ 
ber.  Output  signals  were  transmitted  to  a  bit  error  rate 
tester  (BERT)  installed  outside  the  anechoic  chamber 
and  the  rate  was  measured  for  confirmation  of  the  er¬ 
ror  free  state.  The  power  voltage  of  +5V  was  supplied 
using  batteries. 


Fig.  2  Radiated  electric  field  strength  measuring  sys¬ 
tem 


2.2  Measurement  of  near  magnetic  field  distribu¬ 
tion 


Fig.  3  shows  a  near  magnetic  field  distribution 
measuring  system.  An  interference  source  detecting 
unit  based  on  an  antenna  scanning  method  was  mounted 
on  a  desk  in  a  shielded  chamber,  with  an  optical  trans¬ 
ceiver  module  mounted  in  a  reversed  manner  on  the 
measuring  surface  of  the  unit.  The  input  and  output 
digital  transmission  signals  were  passes  through  opti¬ 
cal  fibers.  Output  signals  were  transmitted  to  the  BERT 
and  the  BER  was  measured  for  confirmation  of  the  error 
free  state.  The  near  magnetic  field  distribution  was  mea¬ 
sured  in  this  state  to  identify  points  with  high  magnetic 
strength  as  interference  sources.  Power  was  supplied  from 
a  stabilized  DC  power  supply. 


Fig.  3  Near  magnetic  field  distribution  measuring  sys¬ 
tem 


2.3  Measurement  of  radiated  impulse  noise  immu¬ 
nity 


Fig.  4  shows  a  radiated  impulse  noise  immunity 
measuring  system.  An  optical  transceiver  module  was 
mounted  within  a  G-TEM  cell.  To  eliminate  influences 
from  coaxial  cables,  the  input  and  output  signals  were 
passed  through  optical  fibers  outside  the  G-TEM  cell. 
Output  signals  were  transmitted  to  the  BERT  installed 
outside  the  cell,  and  the  rate  was  measured.  The  im¬ 
pulse  noise  that  entered  the  G-TEM  cell  had  a  rise  time 
of  1  ns  or  less,  a  pulse  width  of  1  ms,  and  a  pulse  cycle 
of  20  ms.  When  the  optical  input  power  was  set  to  -3 1 
dBm,  the  maximum  applied  voltage  at  which  BER  of 
2.5E-10  was  sustained  was  identified  as  the  immunity 
level. 
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Fig.  4  Radiated  impulse  noise  immunity  measuring  sys¬ 
tem 

2.4  Measurement  of  the  lowest  electric/magnetic  im¬ 
munity  points 

Fig.  5  shows  a  lowest  electric/magnetic  immunity 
point  measuring  system.  An  optical  transceiver  mod¬ 
ule  was  mounted  on  a  desk  in  a  shielded  chamber,  and 
the  input  and  output  signals  were  passed  through  opti¬ 
cal  fibers.  Output  signals  were  transmitted  to  the  BERT 
for  confirmation  of  the  error-free  state.  Electric  and 
magnetic  fields  were  applied  under  these  conditions 
through  a  probe.  The  optical  input  power  was  set  to 
-3  ldBm  and  the  applied  voltage  of  noise  generator  was 
gradually  increased.  The  immunity  level  was  identi¬ 
fied  as  the  applied  voltage  at  which  the  data  failed. 
The  applied  noise  was  made  from  dampened  oscilla¬ 
tions  of  10  ms  period. 


Fig.  5  Electric/magnetic  immunity  point  measuring 
system 

3.  RESULTS 


3.1  Characteristics  of  the  radiated  emission 

Fig.  6  shows  a  typical  example  of  the  measured 
radiated  electric  field.  A  strong  peak  of  radiation  was 
observed  at  the  8th  high  harmonic  of  500  MHz  in  the 
clock  frequency  of  62.5  MHz. 

To  estimate  the  interference  source  at  the  fre¬ 
quency  at  which  the  above  peak  was  observed,  the  near 
magnetic  field  distribution  was  measured  at  500  MHz. 


Fig.  7  shows  the  results  of  this  measurement.  Since  a 
strong  magnetic  field  distribution  was  observed  in  the 
section  between  the  LED  and  the  LED  driver,  this  sec¬ 
tion  was  estimated  to  be  the  interference  source.  It  is 
presumed  that  this  section  acted  as  the  interference 
source  since  digital  modulation  signals  with  large  am¬ 
plitude  were  transmitted  between  the  LED  and  the  LED 
driver,  with  the  wiring  acting  as  an  antenna. 
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Fig.  6  Far  electric  field  strength  measurements 


Fig.  7  Near  magnetic  field  distribution  measurements 

Table  2  shows  the  measured  near  magnetic  field 
distributions  of  all  the  test  samples.  The  distribution 
of  strong  magnetic  fields,  between  the  LED  and  the 
LED  driver  of  the  E/O  structures  of  all  the  samples, 
was  observed,  and  it  is  presumed  that  these  sections 
acted  as  the  interference  sources.  However,  no  distri¬ 
bution  of  strong  magnetic  fields  was  observed  in  the 
O/E  structure  of  any  of  the  samples,  allowing  us  to 
assume  that  they  did  not  act  as  interference  sources. 

Reports  [6]  have  already  shown  that  the  peaking 
effects  from  deformed  pulse  waveforms  entered  into 
the  LED  to  increase  its  speed  and  the  radiation  charac¬ 
teristics  of  the  optical  transmission  circuit  act  as  fac¬ 
tors  that  increase  the  radiated  electric  field  strength  of 
the  specific  frequencies  in  the  optical  transceiver  mod- 


62 


ules.  However,  any  attempt  to  change  the  digital  sig¬ 
nal  waveforms  transmitted  between  the  LED  and  the 
LED  driver  is  difficult  to  drive  them  at  high  speeds. 
Therefore,  to  suppress  the  radiated  electric  field 
strength,  it  is  necessary  to  reduce  the  antenna  efficiency 
between  the  LED  and  the  LED  driver. 

Table  2  Radiated  emission  and  interference  source 


measurements 


Sample 

CISPR  limits  margin 

Interference  source 

No.l 

-3.5~-0.5dB 

LED~LED  driver 

No.2 

+5.0~+6.0dB 

LED~LED  driver 

No.3 

-4.5 — 2.5dB 

LED~LED  driver 

No.4 

-2.5 — 1.5dB 

LED~LED  driver 

No.5 

+7.0~+12.0dB 

LED  driver 

No.6 

+11.0~+13.0dB 

LED 

No.7 

0~+2.0dB 

LED  driver 

3.2  Characteristics  of  the  radiated  immunity 

Fig.  8  shows  the  measured  radiated  impulse  noise 
immunity  and  the  lowest  electric/magnetic  immunity 
points.  The  radiated  impulse  noise  immunity  level  in¬ 
creased  as  the  O/E  structure  was  gradually  changed 
from  the  bare  PD  chips  to  the  PD  modules  and  then  to 
the  PD-AMP  modules.  The  PD  is  usually  used  with 
reverse  bias  applied  to  achieve  higher-speed,  the  im¬ 
pedance  being  increased  in  this  state,  and  therefore  the 
PD  becomes  more  noise-sensitive.  Moreover,  it  be¬ 
comes  more  noise-sensitive,  because  the  PD  output  sig¬ 
nal  current,  from  the  PD  to  subsequent  circuits,  is  very 
small  and  the  voltage  is  amplified  by  a  high-imped¬ 
ance  amplifier.  It  is  therefore  suggested  that  tire  influ¬ 
ences  of  noise  are  the  strongest  in  the  bare  PD  chips, 
in  which  the  noise  affects  the  PD  more  than  in  the  case 
of  the  PD  modules.  The  noise  is  the  most  suppressed 
in  the  PD-AMP  modules  in  which  an  amplifier  and  the 
PD  output  signal  are  shielded  by  a  module  package. 
This  means  that  the  section  from  the  PD,  or  the  PD- 
AMP  module,  to  the  subsequent  circuits  acted  as  an 
antenna,  its  influence  being  observed  in  the  differences 
in  the  radiated  impulse  noise  immunity  levels. 

The  immunity  at  the  lowest  electric/magnetic  noise 
points  was  measured  using  a  probe  to  directly  apply 
noise  to  an  optical  transceiver  module.  Table  3  shows 
the  measured  results,  for  which  the  same  trend  was 
observed  that  had  been  obtained  in  the  measurement 


of  the  radiated  impulse  noise  immunity.  All  of  the  re¬ 
sults  indicate  that  the  immunity  level  is  the  lowest  in 
the  section  from  the  PD,  or  the  PD-AMP  module,  to 
the  subsequent  circuits,  suggesting  that  this  portion  acts 
as  an  antenna  and  is  the  most  affected  by  the  noise. 
These  observations  also  indicate  that  the  reduction  of 
antenna  effects  for  external  electromagnetic  field,  in¬ 
cluding  the  shielding  of  the  O/E  structure,  are  needed 
to  increase  the  radiated  immunity. 


No.l  No.2  No.  3  No.4  No.5  No.6  No.7 
Sample 

Fig.  8  Radiated  impulse  and  point  immunity  measure¬ 
ments 


Table  3  Lowest  magnetic/electric  immunity  points 
measurements 


4.  CONCLUSION 


We  have  conducted  experimental  evaluations  of 
the  radiated  emission  and  immunity  characteristics  of 
optical  transceiver  modules.  It  is  found  that  the  sec¬ 
tion  from  the  LED  to  the  LED  driver  often  acts  as  a 
interference  source  of  the  radiated  electromagnetic 
noise  characteristics  while  the  section  from  the  O/E 
converter  to  subsequent  circuits  acts  as  an  antenna  of 
the  radiated  immunity.  Hence,  it  is  necessary  to  take 
appropriate  measures  against  these  phenomena. 
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Abstract  -  Power  and  ground  planes  are 
required  to  have  low  impedance  over  a  wide  range 
of  frequencies.  Parallel  ground  and  power  planes 
in  multilayer  printed-circuit  boards  exhibit  multiple 
resonances  which  increase  the  impedance.  When 
rectangular  shape  of  printed  circuit  board  is  not 
allowed  for  optimal  using  of  the  available  physical 
dimensions  the  cutted  area  can  be  seen  as  a 
discontinuity  of  the  plane.  This  kind  of  discontinuity 
can  decrease  a  frequency  of  resonancies  and 
increase  the  impedance  of  the  plane  pair. 
Simulation  based  on  transmission  line  grid  model 
and  measurements  results  are  presented  for  some 
typical  configurations. 


I.  Introduction 

For  many  years  of  digital  electronic  designs,  a 
+5V  supply  voltage  for  TTL  and  CMOS  logic, 
and/or  a  -5.2V  supply  for  an  ECL  logic  was 
common.  With  the  constant  need  to  decrease 
power  dissipation  by  reducing  supply  voltage,  and 
due  to  submicron  silicon  feature  sizes  which  limits 
the  breakdown  voltage  of  the  silicon  at  below  5V 
both  in  the  core  and  in  the  I/O  area,  the  supply 
voltages  are  on  the  fall.  At  the  same  time,  the 
growing  demand  for  higher  data  throughputs 
results  in  wider  buses  and  higher  clock  rates.  To 
avoid  the  runaway  of  total  current  requirements  of 
the  wider  buses,  and  to  reduce  the  potential  EMI 
risk,  too,  the  signaling  voltage  drops  steadily  from 
generation  to  generation.  Because  in  every  new 
generation  new  functionality  is  added,  the  growth 
of  the  number  of  I/O  lines  usually  outweighs  the 
decrease  of  current  in  one  I/O,  therefore  the  net 
supply  current  demand  is  still  on  the  rise.  The 
lower  signaling  voltage  calls  for  a  lower  value  of 
tolerable  noise  on  the  supply  rails,  which  together 
with  the  higher  current  consumption  dramatically 
reduces  the  impedance  that  should  be  provided  by 
the  power-distribution  network.  [1] 

The  faster  bus  signaling  also  comes  with  faster 
edges  and  transients,  requiring  a  proportionally 


wider  bandwidth  in  the  power-distribution  network. 
A  high-end  system  today  with  single-ended 
signaling  may  have  10A  total  transient  current  in 
the  signal-return  path  of  buses,  and  may  require 
50mV  maximum  ripple  on  the  power-distribution 
network.  This  converts  into  5  milliohms  of  required 
power-distribution  impedance.  With  a  0.3...0.6nsec 
signal  transition  time,  the  necessary  bandwidth  for 
the  power-distribution  impedance  is  0.5-1  GHz.  To 
avoid  excessive  simultaneous  switching  noise,  the 
power-distribution  network  (the  power-distribution 
planes)  must  exhibit  low  enough  impedance  over 
the  full  bandwidth  of  signals. 


Figure  1.  A  pair  of  parallel  planes  in  the  Power 
Distribution  System  (PDS). 

II.  Characterization  of  power-ground 
distribution  system 

For  digital  electronics  below  the  MHz  clock- 
frequency  range,  individual  traces  or  metal  bus 
bars  were  sufficient  to  distribute  ground  and  power. 
In  the  MHz  range,  the  ground  traces  were 
gradually  replaced  with  a  solid  copper  layer  in  the 
multilayer  board,  while  the  power  distribution  many 
times  still  relied  on  individual  traces  rather  than 
solid  planes.  With  a  solid  ground  plane, 
impedance-matched  traces  also  became  common. 
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A  solid  ground  plane  serves  to  distribute  power 
and  to  carry  the  return  currents  of  signal  traces. 
With  low  trace  density,  the  ground  plane  behaves 
like  an  ideal  ground.  With  increasing  speeds  and 
trace  densities,  the  inductive  and  resistive  drops 
along  the  ground  plane  have  to  be  considered  [2], 
In  recent  years,  signal  speeds  and  trace  densities 
reached  values  such  that  the  return  current 
required  solid  power  planes  as  well,  forming  a  pair 
of  parallel  planes  in  the  Power  Distribution  System 
(PDS).  (Figure  1) 

If  the  two  planes  are  placed  closer,  the  static 
capacitance  between  them  is  increased,  which 
helps  local  bypassing,  at  the  same  time  the  return 
current  travels  a  shorter  distance  from  one  plane  to 
the  other,  such  reducing  the  inductive  voltage  drop 
in  the  PDS.  As  for  signal  traces  as  well,  the  above 
lumped  approximations,  which  start  out  with  the 
static  capacitance  and  loop  inductance,  are 
accurate  only  as  long  as  the  dimensions  are  much 
shorter  (say  ten  times  smaller)  than  the  shortest 
wavelength  of  the  signals.  Signal  transition  times  in 
high-speed  digital  systems  today  are  one  nsec  or 
less.  In  FR4  dielectric,  the  bandwidth  of  a  one  nsec 
transition  time  signal  corresponds  to  an 
approximate  wavelength  of  50  cm.  Therefore 
boards  bigger  than  5cm  in  size,  with  digital  signals 
faster  than  a  nanosecond,  the  distributed  nature  of 
power-ground  planes  taken  in  consideration. 

Power  and  ground  planes  in  a  multilayer  PCB 
may  be  considered  as  two-dimensional 
transmission  lines,  where  both  the  x  and  y 
dimensions  are  longer  than  one  tenth  of  the 
shortest  wavelength  of  interest.  Throughout  this 
paper  we  assume  that  the  h  separation  of  the 
planes  along  the  Z  axis  is  still  negligible  compared 
to  the  shortest  wavelength. 

11.1.  Analytical  expression  of  power-ground 
plane  impedances 

In  contrast  to  signal  traces  where  the  signal 
travels  along  the  axis  of  signal  conductor,  the  wave 
generated  by  an  injected  signal  between  the 
planes  launches  a  radially  expanding  wave.  Two- 
dimensional  transmission  lines  are  therefore  also 
referred  to  as  radial  transmission  lines.  The  self 
and  transfer  impedances  of  radial  transmission 
lines  with  rectangular  or  circular  shapes  can  be 
analytically  calculated.  Impedances  of  square¬ 
shaped  parallel  planes  are  widely  analyzed  in  the 
literature  for  planar  microwave  circuits  and  printed 
antennas.  Analytical  formulation  is  given,  e.g.  in 
[3],  [4],  Assuming  infinitesimally  small  port  sizes, 
and  open  boundaries  at  the  edges,  the  generalized 
transfer  impedance  between  ports  i  and  j  (at 
coordinates  Xi.y  and  Xj.yj  respectively)  of  a  pair  of 
parallel,  rectangular  planes  with  side  dimensions 
wx  and  Wy  along  the  x  and  y  axes,  with  plane 


separation  (dielectric  height)  of  h  along  the  z  axis, 
can  be  written  as. 


zu  = 


M^xL  yy  j®  r 
wxwy  hhki+ki-e 


(1) 


C  =  cos  kxxi  cos  kvyt  cos  kxx}  cos  kvys  (2) 

where  m  represents  the  mth  mode  associated 
with  the  x-dimensions,  n  represents  the  nth  mode 
associated  with  y-dimensions,  k  represents  the  real 

wavenumber  for  lossless  case,  k  -  (Oyffls  , 
km=mK/wx,  kn=mlWy  The  constant  %mn  =1  for  m=  0 

and  n= 0,  for  m= 0  or  n= 0,  2  for  m^O  ,n*0. 

When  considering  a  low-loss  case  k  is  complex: 
k  =  kr  -  jkt  where  kr=k  above  and 

ki=(kr/2)(tan(5)+(//h)),  where  tan(<5)  is  the  loss 
tangent  of  the  dielectric,  r  is  the  skin  depth  in  the 
metal  plane. 

The  analytical  expression  is  not  limited  by  finite 
spatial  granularity  like  transmission  line  grid  model, 
but  is  has  a  double  infinite  series,  which  for 
practical  calculations  must  be  truncated  which 
leads  to  introducing  error  in  calculation  [5j.  The 
above  Z(jW)  expression  is  good  for  numerical 
calculation,  but  not  well  suited  for  circuit  simulation 
where  the  planes  have  to  be  simulated  with  the 
whole  part  of  electronics.  For  circuit  simulations, 
either  a  macromodel  can  be  generated  [6],  or  an 
electrical  equivalent  circuit  of  the  pair  of  planes  is 
formed. 


II.  2.  Transmission  line  grid  equivalent  circuit 
model  of  power-ground  plane 

A  pair  of  parallel  planes  can  be  simulated  by  an 
equivalent  circuit  of  a  grid  of  transmission  lines,  as 
described  in  e.g.,  [7],  [8],  The  low-frequency 
equivalent  components  of  the  planes  can  be 
derived  from  a  quasi-static  model.  We  assume  a 
pair  of  rectangular  planes  with  dimensions  of  wx 
and  wy.  First  we  define  the  u  size  of  the  square  unit 
grid  cell,  which  should  be  equal  to  more  or  less 
than  10%  of  the  shortest  wavelength  of  interest. 
The  u  cell  size  is  selected  such  that  we  have  an 
integer  Nx  and  Ny  number  of  cells  along  the  x  and  y 
axes,  respectively.  For  every  unit  square  of  the 
planes  with  side  dimensions  of  u,  plane  separation 
(dielectric  height)  of  h,  the  tpd  propagation  delay 
along  the  edge  of  the  unit  cell  and  the  C  static 
plane  capacitance  can  be  calculated. 

=  (3) 

c 
u 1 

CzZJ£r£°  (4> 

From  the  capacitance  and  delay,  an  equivalent 
L  inductance  and  Zo  characteristic  impedance  of 
the  unit  cell  can  be  calculated. 
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Zo  = 


1  1/4 
uJe~r\£o 


(5) 

(6) 


In  the  above  expressions,  all  input  and  output 
parameters  are  in  SI  units,  Eo  =  8.86*10'12  [As/Vml 
the  dielectric  constant  in  Vacuum,  po  =  4*10'" 
[H/m]  is  the  permeability  of  Vacuum. 


Equivalent  circuit  of  paralell  conductive  planes 

N„w, 


UnK  call: 


A«M*/4  t^*»qrt(LC) 
C-i^A/h  Z,«»qrt(UC) 
L-hn, 


Figure  2.  Equivalent  circuit  representation  of 
parallel  conductive  planes  with  a  rectangular  grid 
of  transmission  lines. 

The  unit  cells  are  replaced  by  four  transmission 
lines  along  the  edges  of  unit  cells,  (Figure  2),  each 
transmission  line  representing  the  same  delay  but 
only  one  quarter  of  the  area,  thus  having  an 
impedance  of  2Zo.  Inside  the  equivalent  grid, 
where  the  sides  of  unit  cells  touch,  the  capacitance 
of  transmission  lines  are  doubled,  reducing  the 
characteristic  impedance  to  2Zo/sqrt(2).  Along  the 
outer  edges,  the  unit-cell  transmission  lines  are 
standing  alone.  The  parameters  for  the  edge  (Zoe, 
tpde)  and  grid  (Zog,  tpdg)  transmission  lines  are. 

Zog  =  V2 Zo  tpdg  =  tpd  /  V2  (7) 

Zoe  =  2Zo  tpde  =  tpd /y/2  (8) 

The  sqrt(2)  correction  factor  in  delays  are  used 
to  match  the  equivalent  circuit’s  delay  along  the  x 
and  y  axes  [10].  Alternative  equivalent  circuits  may 
use  lossless  LC  ladder  [9]  or  lossy  transmission 
lines  [10],  [11]  representation  of  each  transmission¬ 
line  segment.  For  all  simulations  presented  in  this 
paper,  lossless  transmission  line  grids  were  used. 

Note  that  the  grid  takes  the  effect  of  edge 
discontinuity  into  account  to  some  extent  by  using 
twice  the  characteristic  impedance  of  transmission 
lines  along  the  edges.  The  transmission  line  model 
can  be  used  easily  for  simulation  of  power  planes 
and  the  other  components  of  the  circuit  including 
the  dissipative  edge  termination  [11]  used  for 
reducing  the  effect  of  the  resonance  behaviour. 


The  price  of  this  feature  of  the  model  is  the  spatial 
granularity  of  the  transmission  line  grid. 

III.  Simulation  of  the  truncated 
power-ground  plane  pairs 

In  some  applications  the  rectangular  shape  of 
printed  circuit  board  is  not  allowed  for  optimal 
using  of  the  available  physical  dimensions.  Typical 
case  when  the  power  supply  units  are  placed  in 
one  corner  of  the  box  and  the  rectangular  PCB 
should  be  truncated.  This  can  be  seen  as  a 
discontinuity  of  the  rectangular  PCB.  In  our 
simulation  and  measurements  we  examined  two 
basic  discontinuity  configurations  with  two  different 
size  of  cutting  area.  These  basic  shapes  are  the 
corner  cutted  and  center  cutted  shapes.  (Figure  3) 
The  impedance  of  the  full  rectangular  plane  was 
calculated  and  simulated  too,  as  a  reference. 


Figure  3.  Cutted  shapes  of  power-ground  planes 


Truncated  transmission  line  grid  model 


tpd#  =tpd 


Figure  4.  Transmission  line  grid  model  used  in  the 
simulation  of  the  discontinuity  of  planes 

Three  representative  points  were  defined  on  all 
kind  of  shapes  for  simulation  and  measurements 
called  ‘midx’,  ’corner’  and  ‘center’.  Instead  of 
‘center’  on  the  center  cutted  shape  the  ‘midy’  was 
used.  (Figure  3)  The  self  impedances  eg.  Z(miciXimidX) 
of  these  points  were  simulated  and  measured,  so  it 


67 


means  3  different  results  for  all  of  the  analysed 
shapes. 

The  full  transfer  impedance  profile  of  the  planes 
at  a  given  frequency  was  not  determined  like  in 
[11].  In  the  high-speed  digital  applications  when  a 
driver  pulls  current  from  the  power  and  ground 
planes,  the  current  creates  a  voltage  drop 
according  to  the  impedance  of  the  plane  at  that 
point  and  the  noise  voltage  is  propagate  along  the 
plane  to  the  other  places.  This  effect  is  known  as 
delta-1  noise.  [12]  So  instead  of  plotting  the  transfer 
impedance  of  the  pair  of  power  planes  at  a  given 
frequency,  it  is  more  effective  plotting  the 
maximum  amplitude  of  the  noise  voltage  as  a 
function  of  phisical  dimensions  with  a  given  place 
of  current  pulse  source.  The  noise  voltage  can  be 
simulated  by  a  simple  transient  simulation  of  the 
transmission  line  grid  model  or  can  be  calculated 
using  FFT  from  the  frequency  domain  impedance 
data. 

In  our  simulation  instead  of  the  full  transfer 
impedance  profile  the  time-domain  response  was 
computed  using  FFT.  The  resonance  nature  of  the 
impedance  leads  to  ringing  in  time-domain.  We 
can  sign  the  maximum  amplitude  (positive  or 
negative  peak)  of  the  time  domain  ringing  and 
draw  the  ‘noise  map’  of  the  analysed  plane.  The 
simulated  and  measurements  results  are 
presented  in  the  following  sessions. 

The  truncated  transmission  line  grid  was  used 
for  simulating  the  cutted  plane  pairs,  which  is 
equivalent  to  the  model  described  above,  but  the 
effect  of  open  terminated  nature  of  the  cutting  edge 
is  modelled  with  a  double  impedance  of  the 
transmission  lines.  (Figure  4) 

III.  1.  Impedances  of  the  reference  shape 


serial  resonant  of  the  static  capacitance  and  the 
whole  spreading  inductance 
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Calculated  self  and  transfer  impedances 


Figure  5.  Calculated  impedances  of  the  reference 
plane  using  N=M=10  summation  limit 


Figure  6.  Simulated  impedances  of  the  reference 
plane  using  u=0.5  inch  grid  size  by  SPICE 


The  impedances  of  the  full-shaped  power  plane 
was  calculated  by  analytical  expression  and 
simulated  using  the  transmission  line  grid  model  by 
SPICE  circuit  simulator  for  using  as  a  reference. 
Three  self  impedance  profiles  as  a  function  of 
frequency  were  calculated  by  the  analytical 
expression  using  N=10  and  M=10  summation  limit. 
(Figure  5) 

The  reference  plane  was  simulated  by  SPICE 
simulator  using  the  transmission  line  grid  model 
using  u=0.5  inch  grid  spacing,  and  lossless  T  lines 
models  were  used.  The  impedance  profiles  near 
exactly  same  as  from  the  calculation.  (Figure  6) 

In  Fig.  7  we  can  see  a  typical  time-domain 
response  of  the  power  plane  for  a  1A  current  step 
which  shows  its  ringing  nature.  We  can  generate 
the  noise  map  of  the  entry  plane  by  measuring  the 
maximum  of  the  ringing  of  noise  voltage  in  the  grid 
points.  (Figure  7  and  8) 

As  we  can  see  from  the  calculated  and 
simulated  impedance  profiles  the  low-frequency 
response  is  a  capacitive  downslope  to  the  first 


On  the  other  hand  we  can  see  the  first  resonant 
as  the  frequency  where  the  length  of  the  radial 
transmission  line  from  the  open  terminated  edge  to 
the  point  of  the  current  source  is  one  quarter  of  the 
wavelength.  This  nature  of  the  first  serial  resonant 
can  be  seen  in  the  pictures  where  the  lowest 
frequency  produced  at  the  corner  and  the  resonant 
frequency  is  increased  as  we  move  the  observing 
points  to  the  midx  and  center  respectively. 

The  effects  of  the  discontinuity  of  the  planes  like 
cutting  of  the  corner  or  center  lies  in  this  nature. 
When  the  length  of  the  first  reflection  points  of  the 
radial  transmission  line  decreased  the  resonant 
frequencies  is  increased.  On  the  other  hand  the 
total  static  capacitance  of  the  shape  is  decreased 
with  the  decreased  area  of  the  planes  and  it  leads 
to  the  increased  resonance  too 
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Time  domain  response 
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Figure  7.  Typical  time-domain  voltage  waveform 
response  to  the  1 A  current  step 


Figure  8.  Noise  map  of  the  plane  by  signing  of  the 
peak  noise  voltage  as  the  function  of  dimension 

III.  2.  Simulation  of  the  truncated  shapes 

For  the  analysis  of  the  effects  of  discontinuity 
the  truncated  transmission  line  grid  model'  was 
used  in  the  simulation.  {Figure  4)  In  this  model  at 
the  open  edge  of  the  plane  the  higher 
characteristic  impedance  of  the  line  should  be 
used. 


The  u=0.5  inch  grid  size  was  used  for  simulation 
as  in  the  reference  case.  This  grid  size  limited  the 
possible  place  of  cutting  of  PCB.  This  is  one  of  the 
limitations  of  this  kind  of  modelling  the  power 
planes.  The  simulation  was  done  at  three  places  of 
the  current  source  midx,  corner  and  center  on 
corner  cutted  shape  and  midx,  corner  and  midy  on 
the  center  cutted  shape,  (center  point  is  not 
useable  on  the  center  cutted  shape) 


Figure  10.  Simulated  impedances  of  the  center 
cutted  shape 


Figure  11.  The  noise  map  of  the  cutted  shapes 


Simulated  self  impedances  of  corner  shape 
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Figure  9.  Simulated  impedances  of  the  corner 
cutted  shape 


IV.  Measurement  results 

To  correlate  simulated  and  measured 
impedances,  a  10  by  10  inch  square  pair  of  planes 
was  selected  with  31  mil  FR4  dielectric  material. 

Self  and  transfer  impedances  were  measured 
with  HP8720  vector-network  analyzers  in  the 
300kHz-3GHz  range,  respectively.  The  probe 
connections,  calibrations,  conversions  from  S 
parameters  to  impedances  were  according  to  [13], 

To  improve  the  measurement  accuracy  at  low 
impedance  readings,  two-port  S21-based  self¬ 
impedance  measurement  was  used.  The  S21 
parameter  readings  were  converted  to  self 
impedance  values  by  the  Z=25*S21  approximate 
formula  [13], 
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Measured  impedances  of  the  reference  plane 
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Figure  12.  Measured  impedances  of  the  reference 
plane  at  the  representation  points 


Measured  Impedances  of  the  comer  cutted  plane 
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Figure  13.  Measured  impedances  of  the  corner 
cutted  plane  in  midx,  corner  and  center  points 


Measured  impedances  of  the  ring  cutted  plane 
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Figure  14.  Measured  impedances  of  the  ring  cutted 
plane  in  midx,  midy  and  center  points 

V.  Conclusions 

Power-ground  planes  in  multilayer  printed- 
circuit  boards  with  open  edges  behave  like  radial 
transmission  lines,  and  exhibit  multiple  resonance 
frequencies. 


The  self  impedances  plots  exhibit  the  first 
minimum  at  a  frequency  where  the  distance  from 
the  probe  location  to  the  open  boundary 
corresponds  to  one  quarter  of  the  wavelength.  The 
resonance  frequency  shifts  higher  when  the  shape 
of  the  board  is  not  rectangular  and  the  lowest 
distance  of  the  open  boundary  less  than  the 
original  dimensions  of  the  planes.  The  whole  static 
capacitance  of  the  plane  is  reduced  by  the  cutting 
which  leads  to  the  shifting  of  the  first  resonance 
higher 
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Abstract  —  A  new  interconnection  technology  for  printed 
circuit  board  applications  is  presented  which  is  able  to  meet 
the  high  performance  requirements  of  future  electronic  equip¬ 
ment  while  at  the  same  time  the  electromagnetic  compatibil¬ 
ity  (EMC)  is  improved  significantly.  Moreover,  this  technology 
has  a  far-reaching  compatibility  with  the  conventional  pc  board 
technology,  which  means  that  the  existing  design  and  manufac¬ 
turing  processes  of  the  electrical  part  do  not  need  significant 
modifications.  The  application  of  this  hybrid  technology  en¬ 
ables  completely  new  and  highly  capable  architectures  for  com¬ 
puters  and  other  information  and  communication  equipment. 
After  a  description  of  the  most  important  basic  technologies 
for  its  realization  first  engineering  samples  are  presented.  In 
the  second  part  the  paper  focuses  on  the  modeling  of  electrical- 
optical  interconnects.  Especially  the  transient  analysis  is  ad¬ 
dressed.  The  developed  overall  modeling  strategy  is  explained 
and  available  results  are  presented.  Apart  from  a  time  domain 
simulation  model  for  optical  multimode  waveguides  the  corre¬ 
sponding  modeling  approaches  for  laser-  and  photo  diodes  are 
presented. 

1.  INTRODUCTION 

Microprocessors  of  the  next  generation  provide  on-chip  clock 
frequencies  above  1  GHz.  The  theoretically  resulting  system 
performance  can  be  obtained  only  if  the  off-chip  interconnec¬ 
tion  technology  provides  a  sufficiently  high  bandwidth.  This 
need  for  off-chip  bandwidth  will  become  even  stronger  in  the 
near  future  because  in  the  next  10  to  12  years  the  further  de¬ 
velopment  of  the  semiconductor  technology  will  not  be  limited 
by  fundamental  physical  effects  and  microprocessors  operating 
at  on-chip  clocks  of  about  lOGhz  are  expected  to  be  available 
in  201 1  [9].  Due  to  this  technology  innovation  the  challenge 
of  getting  signals  in  the  GHz  frequency  range  off-chip  and  into 
the  system  after  packaging  is  even  greater  than  the  challenge  of 
on-chip  performance  at  this  frequency  [8].  As  the  performance 
of  electrical  interconnects  is  limited  due  to  dispersion,  emission 
of  and  susceptibility  against  electromagnetic  radiation,  optical 
solutions  for  intra-system  interconnects  can  be  used  in  order 
to  provide  the  required  high-bandwidth  interconnects.  More¬ 
over,  optical  interconnects  do  not  radiate  themselves  and  they 
are  completely  insensible  against  electromagnetic  radiation. 

2.  OPTICAL  INTERCONNECTION  TECHNOLOGY 

Since  printed  circuit  boards  will  continue  to  be  among  the  most 
important  components  of  electronic  equipment,  advanced  con¬ 
cepts  and  technologies  are  necessary  in  order  to  provide  these 
components  with  the  required  high-bandwidth  properties.  Tak¬ 
ing  into  account  that  not  every  interconnect  has  to  be  designed 
for  high-bandwidth  data  transmission,  approaches  are  necessary 
which  provide  easy,  robust,  as  well  as  cost  efficient  solutions. 


Fig.  1:  Concept  of  a  pc  board  with  integrated  optical  waveguides 


This  means  that  furtheron  conventional  pc  board  technology  is 
sufficient  for  a  lot  of  low-bandwidth  interconnects.  Therefore, 
the  only  practical  and  acceptable  solution  is  the  extension  of 
conventional  multilayer  pc  boards  by  optical  interconnects  (fig¬ 
ure  1).  This  can  be  realized  by  the  integration  of  passive  op¬ 
tical  layers.  This  solution  is  able  to  combine  the  advantages 
of  microelectronics  and  optics  and  it  avoids  most  disadvan¬ 
tages  of  both  technologies.  Furthermore,  the  EMC  behaviour 
of  pc  boards  based  on  this  technology  can  be  improved  signifi¬ 
cantly. 

2.1.  Requirements 

There  are  a  lot  of  requirements  which  have  to  be  taken  into  ac¬ 
count  during  the  development  of  this  new  hybrid  technology. 
The  overall  one  is  to  guarantee  compatibility  with  the  exist¬ 
ing  processes  for  designing  and  manufacturing  pc  boards.  The 
manufacturing  tolerances  of  the  optical  interconnects  or  optical 
layers,  respectively,  have  to  be  comparable  to  the  existing  tol¬ 
erances  acceptable  for  electrical  layers  and  transmission  lines. 
This  in  turn  determines  the  cross  sectional  sizes  of  the  opti¬ 
cal  waveguides,  which  have  to  be  in  the  range  of  those  of  mi¬ 
crostrip  lines  (approx.  100  x  100 pm2).  Another  very  important 
demand  is  to  guarantee  surface  mounting  and  pick  and  place  as¬ 
sembly  of  the  optical  transmitter  and  receiver  modules  with  the 
exiting  assembly  and  placement  equipment  used  for  electrical 
pc  boards.  Both  above  mentioned  requirements  can  only  be 
fulfilled  using  optical  multimode  technology.  Taking  into  ac¬ 
count  practicable  optical  transmitters  (e.  g.  vertical  cavity  sur¬ 
face  emitting  lasers)  emitting  at  a  wavelength  of  850  nm,  the 
optical  interconnects  are  highly  multimodal,  which  means  the 
waveguides  are  guiding  more  than  1000  propagating  modes. 

Within  the  standard  lamination  process  of  pc  boards  the  op¬ 
tical  layers  have  to  withstand  during  a  time  period  of  50  to  70 
minutes  high  temperatures  of  about  180°C  at  a  pressure  of  about 
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150N/cm2  and  more.  Furthermore,  the  soldering  of  pc  boards 
has  to  be  taken  into  account  where  the  temperature  reaches  dur¬ 
ing  the  reflow  process  230° C.  This  temperature  will  still  in¬ 
crease  taking  into  account  the  unleaded  soldering,  to  be  intro¬ 
duced  in  only  a  few  years. 

Apart  from  these  technological  demands  there  are  also  func¬ 
tional  demands.  The  most  important  one  is,  that  the  wiring  of 
optical  waveguides  requires  those  degrees  of  freedom  obvious 
for  wiring  electrical  lines.  This  means,  not  only  straight  point- 
to-point  interconnects  are  needed  but  also  arbitrary  multi-point 
interconnects,  e.  g.  necessary  for  bus  interconnects.  The  realiza¬ 
tion  of  multi-point  interconnects  requires  passive  optical  struc¬ 
tures  (e.  g.  splitters,  combiners,  etc.).  The  need  for  these  passive 
optical  components  excludes  a  fiber-in-board  approach,  where 
optical  multimode  fibers  are  integrated  into  a  pc  board  [10],  A 
practical  solution  can  only  be  based  on  processes  which  allow 
the  manufacturing  of  all  needed  interconnection  types  within 
separate  optical  layers.  Due  to  the  temperature  and  pressure 
conditions  mentioned  above,  these  optical  layers  should  be  in¬ 
tegrated  into  the  pc  board,  where  they  can  be  protected  against 
these  unfavourable  conditions. 

2.2.  Manufacturing  and  integration  of  optical  layers 
To  be  compatible  with  the  multilayer  pc  board  manufacturing 
process  the  optical  interconnects  are  realized  within  one  or  more 
separate  optical  layers  which  are  manufactured  by  a  hot  em¬ 
bossing  process  [5].  This  optical  layer  is  a  foil  consisting  of  a 
cladding-core-cladding  combination  and  its  fabrication  is  com¬ 
patible  to  standard  lamination  processes.  One  possible  way  of 
fabrication  is  based  on  the  structuring  of  a  polymer  foil,  filling 
the  resulting  grooves  with  prepolymeric  core  material,  and  cur¬ 
ing.  Finally,  a  second  polymer  foil  is  laminated  on  the  first  one 
(figure  2)  [2], 
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Fig.  2:  Manufacturing  of  optical  layers  by  means  of 
hot  embossing 

This  approach  provides  the  degrees  of  freedom  necessary 
for  wiring  the  optical  signals  and  the  capability  to  realize  opti¬ 
cal  multi-point  interconnects.  The  required  embossing  tool  can 
be  manufactured  by  realizing  a  primary  structure  —  the  mas¬ 
ter  —  by  UV  deep  lithography  and  a  following  electro-forming 
process  in  order  for  instance  to  get  a  Nickel  stamping  die  [5]. 
Depending  on  the  tool  manufacturing  process  and  the  hot  em¬ 
bossing  process  itself  very  accurate  surface  qualities  can  be  ob¬ 
tained.  The  remaining  surface  roughness  can  be  investigated 
experimentally,  e.  g.  by  the  atomic  force  microscopy.  The  max¬ 
imum  depth  was  measured  as  far  below  100  nm  but  it  has  to  be 
taken  into  account  that  it  depends  strongly  on  the  manufacturing 
of  the  embossing  tool. 

The  next  step  is  to  integrate  the  optical  layers  into  pc  boards 
without  a  significant  modification  of  the  established  pc  board 
lamination  process.  First  experimental  results  (figures  3  and  4) 
show  that  there  seem  to  be  no  major  problems  which  could  not 
be  solved.  Of  course  the  limited  resistance  against  heat  and 
pressure  of  the  polymeric  material  used  for  the  optical  layer  has 
to  be  taken  into  account  and  an  improvement  of  these  properties 
could  be  helpful. 


Fig.  3:  Cross  section  of  a  pc  board  with  4  electrical  layers 
and  integrated  optical  waveguides 


Fig.  4:  Printed  circuit  board  with  integrated  optical  wave¬ 
guides,  illuminated  by  VCSELs 


Moreover,  different  coupling  concepts  based  on  direct  and 
indirect  coupling  using  45°  mirrors  have  been  investigated  and 
successfully  demonstrated.  The  corresponding  modules  pro¬ 
viding  the  coupling  of  the  optical  transmitters  (VCSELs)  and 
receivers  (photo  diodes)  to  the  waveguides  are  currently  under 
development. 

3.  MODELING  OF  MULTIMODE  INTERCONNECTS 

With  the  drastically  increasing  clock  speed  of  computing  hard¬ 
ware  modeling  and  simulation  of  interconnects  is  of  rapidly 
growing  importance.  Optimization  and  prediction  of  timing 
behaviour  and  signal  integrity  of  all  interconnects  of  a  system 
during  the  design  phase  is  a  very  expendable  task  taking  into 
account  the  complexity  of  todays  electronic  equipment. 

First  applications  of  this  new  optical  interconnection  tech¬ 
nology  will  contain  separate  coupling  modules  and  the  tim¬ 
ing  and  signal  integrity  analysis  has  to  be  applied  to  hybrid 
electrical-optical  interconnects  depicted  in  figure  3. Simulation 
models  and  algorithms  to  predict  timing  and  signal  integrity  of 
electrical  interconnects  became  established  for  many  years  [7]. 
Comparable  models  allowing  time  domain  analysis  of  highly 
multimode  waveguides  are  not  available  which  means  that  a 
transient  analysis  of  interconnects  depicted  in  figure  3cannot 
be  performed  with  available  simulation  algorithms  and  tools, 
respectively. 

3.1.  Modeling  of  waveguides 

The  modeling  of  optical  interconnects  for  a  transient  analysis 
is  very  closely  related  to  the  capabilities  for  modeling  highly 


crosstalk, 

_ passive  optical  path 


Fig.  5:  Parallel  electrical-optical  interconnects  and  the  physical 
effects  to  be  considered 
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multimodal  waveguides  which  is  a  challenging  task.  Due  to  the 
large  transversal  dimensions  of  the  waveguides,  compared  to 
the  wavelength  of  light,  there  are  more  than  1000  propagating 
modes  [4],  Furthermore,  the  boundaries  of  waveguides  man¬ 
ufactured  by  hot  embossing  show  a  non-negligible  roughness 
leading  to  additional  losses  and  to  crosstalk.  Another  problem 
is  to  find  an  appropriate  and  practicable  way  to  describe  the 
surface  roughness  by  a  limited  set  of  parameters  or  functions, 
respectively,  which  can  be  determined  very  precisely.  Due  to 
these  waveguide  properties  conventional  numerical  methods  for 
the  analysis  of  optical  waveguides  like  BPM  and  FEM  are  not 
applicable  for  practical  algorithms  and  tools.  Even  if  the  nu¬ 
merical  complexity  leads  to  trustworthy  results,  the  acceptance 
of  tools  based  on  such  an  analysis  approach  is  very  low,  tak¬ 
ing  into  account  the  huge  need  of  computer  memory  and  the 
expected  huge  numerical  effort  leading  to  extremely  high  com¬ 
putation  times. 

As  the  geometrical  dimensions  of  the  waveguides  are  much 
larger  than  the  emission  wavelength  of  laser  diodes,  geomet¬ 
rical  optics  can  be  applied  in  order  to  model  and  to  simulate 
signal  propagation  within  these  optical  multimode  waveguides. 
This  wellknown  analysis  method,  called  ray  tracing,  has  to  be 
extended  for  being  able  to  consider  the  influence  of  surface 
roughness  on  electromagnetic  wave  propagation.  As  the  lo¬ 
cal  scattering  behaviour  of  a  ray  is  approximately  equivalent 
to  the  scattering  of  a  plane  wave  by  a  rough  surface  the  required 
new  ray  tracing  boundary  conditions  can  be  derived  from  the 
general  scattering  problem  of  a  plane  wave  by  a  rough  surface 
separating  two  dielectric  media.  Assuming  slight  roughness 
depths  (compared  to  the  wavelength)  a  first  order  pertubation 
theory  was  applied  and  explicite,  polarization  dependent  formu¬ 
las  could  be  derived  describing  the  scattered  reflected  and  scat¬ 
tered  transmitted  optical  power  [1].  In  these  representations  the 
surface  roughness  is  described  by  its  autocorrelation  function 
which  can  be  approximated  very  well  by  a  declining  exponen¬ 
tial  function  [3]  characterized  by  only  three  parameters,  being 
the  root  mean  square  B  of  the  roughness  depth  and  the  correla¬ 
tion  lengths  Dy  and  Dz ,  respectively.  Examples  of  a  calculated 
reflected  and  transmitted  spectrum  are  given  in  figures  6  and  7. 

In  a  second  step  these  ray  tracing  boundary  conditions  were 
integrated  into  a  ray  tracing  formalism,  where  the  following  de¬ 
scribed  problem  had  to  be  solved.  At  the  rough  interface  every 
incident  ray  is  divided  into  continuous  spectra  of  reflected  and 
transmitted  plane  waves  or  rays,  respectively.  This  means  that 
the  number  of  rays  to  be  observed  is  increasing  drastically  and 
even  the  largest  super  computer  would  not  be  able  to  provide 
enough  memory  and  acceptably  short  computation  times  fol¬ 
lowing  the  conventional  ray  tracing  methodology. 

A  more  efficient  approach  is  a  Monte  Carlo  based  ray  trac¬ 
ing  where  every  scattering  event  generates  only  one  new  ray. 
The  properties  of  this  new  ray,  which  are  the  polarization,  the 
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Fig.  6:  Reflected  scattering  spectrum  of  a  rough  surface  (8,  =30°, 
ni=1.5,  712  =  1.45,  Dy=Dz  =  l.O  fim,  B=70.7nm) 
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Fig.  7:  Transmitted  scattering  spectrum  of  a  rough  surface  illumi¬ 
nated  by  a  plane  ^-polarized  wave  (0,=  77°,  critical  angle  of 
total  reflection:  0C  =  75.16°) 


propagation  direction,  and  of  course  the  decision  whether  it  is 
a  reflected  or  transmitted  one,  are  determined  by  a  random  pro¬ 
cess  where  the  required  probability  density  functions  are  de¬ 
rived  from  the  reflection  and  transmission  spectra  computed  be¬ 
fore.  After  a  large  number  of  very  simple  and  therefore  fast  cal¬ 
culations  the  real  propagation  behaviour  can  be  approximated 
in  an  acceptable  way.  This  new  method  was  verified  by  analyz¬ 
ing  a  slab  waveguide  which  was  chosen  because  its  modes  can 
be  determined  very  easy  and  very  accurately  .  In  case  of  highly 
multimodal  waveguides  with  arbitrary  cross  sections  the  deter¬ 
mination  of  the  modes  is  in  general  nearly  impossible.  Results 
of  this  new  method  were  compared  with  results  obtained  by  the 
Coupled  Power  Theory  [6],  This  method  is  based  on  wave  op¬ 
tics  and  it  describes  the  power  of  the  propagating  waveguide 
modes  versus  the  axial  coordinate  of  the  waveguide.  The  ray 
tracing  results  were  transformed  into  an  equivalent  power  dis¬ 
tribution  of  the  waveguide  modes.  The  comparison  shows  a 
very  good  agreement  (figure  8). 


Fig.  8:  Normalized  power  of  all  41  guided  modes  of  a  slab  wave¬ 
guide  excited  by  the  21st  guided  mode  calculated  by  the  Cou¬ 
pled  Power  Theory  and  the  Monte  Carlo  based  ray  tracing 


3.2.  Modeling  of  optical  transmitters  and  receivers 
The  approach  to  model  the  optical  behaviour  of  the  optical 
transmitters  (VCSELs)  and  receivers  (photo  diodes)  has  to  be 
compatible  with  the  ray  tracing  modeling  approach  for  the  mul¬ 
timode  waveguides.  This  means,  that  the  optical  output  and 
input  behaviour  of  these  active  components  has  to  be  modeled 
by  rays  as  depicted  in  figure  9.  In  order  to  minimize  the  number 
of  model  parameters  a  macro  modeling  approach  was  chosen. 
This  approach  is  based  on  the  description  of  the  input  and  out¬ 
put  behaviour  solely  and  does  not  describe  the  internal  physical 
effects  of  the  components. 

Modeling  of  vertical  cavity  surface  emitting  lasers:  A  laser 
diode  can  be  modeled  very  effectively  by  a  macro  model  which 
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Fig.  9:  Ray  tracing  compatible  modeling  of  the  optical  output 
behaviour  of  VCSELs  (a.)  and  the  optical  input  be¬ 
haviour  of  photo  diodes  (b.) 


consists  of  two  circuits,  each  describing  the  static  and  dynami¬ 
cal  input  and  output  behaviour.  Both  circuits  are  coupled  by  an 
appropriate  control  quantity  of  the  input  circuit  which  controls  a 
voltage  or  a  current  source  being  part  of  the  output  circuit.  The 
physical  output  quantity  of  a  laser  diode  is  the  optical  power 
which  will  be  represented  in  the  following  by  an  appropriate 
voltage.  This  proceeding  enables  the  modeling  of  the  optical 
part  through  active  and  passive  electrical  components  which  is 
a  precondition  for  an  easy  integration  of  the  models  into  exist¬ 
ing  simulation  tools  for  pc  board  analysis. 

As  the  passive  optical  path  is  analyzed  by  ray  tracing,  the 
optical  output  behaviour  of  a  laser  diode  has  to  be  modeled  by 
a  finite  number  of  rays.  Each  ray  describes  the  optical  power 
emitted  into  a  finite  steradian  element  and  is  characterized  by  its 
starting  point,  its  direction,  and  its  carried  power.  This  results 
in  a  multiport  representation  with  one  electrical  input  and  N 


Fig.  10:  Structure  of  a  macro  model  of  a  laser  diode  to  consider  the 
spatial  distribution  of  the  emitted  optical  power 


Fig.  11:  Ray  tracing  compatible  equivalent  circuit  of  a  laser  diode 


Fig.  12:  Optical  output  power  of  a  VCSEL 


optical  outputs  each  representing  the  dynamical  behaviour  of 
the  optical  power  of  one  initial  ray  (figure  10). 

A  HSPICE  implementation  of  this  model  is  shown  in  fig¬ 
ure  11.  In  a  first  step  the  total  optical  output  power  of  a 
VCSEL  was  modelled  and  compared  with  measurements  (fig¬ 
ure  12).  Although  the  rising  edge  shows  a  completely  different 
behaviour  as  the  sloping  edge,  the  simply  structured  circuit  is 
able  to  model  this  effect  very  accurately. 

Modeling  of  photo  diodes:  The  ray  tracing  equivalent  mod¬ 
eling  of  photo  diodes  can  be  realized  by  a  model  structure  de¬ 
picted  in  figure  13.  Again  a  macro  modeling  approach  was  cho¬ 
sen  in  order  to  limit  the  number  of  model  parameters.  The  de¬ 
picted  model  is  able  to  take  into  account  a  location-  and  angu¬ 
lar  dependent  sensitivity  of  the  photo  diodes  active  area.  The 
most  important  elements  of  this  model  are  the  voltage  con¬ 
trolled  current  sources  Qm„,  the  circuits  Nm„,  and  the  output 
network  Nd  ■  In  this  model  each  node  m  is  the  root  of  a  sub-tree 
which  represents  the  mth  discrete  element  of  the  photo  diodes 
active  area.  With  the  n  branches  of  each  sub-tree  the  angular 
dependent  sensitivity  of  each  element  can  be  modeled.  The  op¬ 
tical  power  of  each  incident  ray  is  described  by  an  equivalent 
voltage  umn(t)  which  yields  through  the  current  source  Qmn 
to  a  partial  photo  current,  where  the  dependence  of  Qmn  on  the 
voltage  timn(i)  is  given  by  the  corresponding  angular  depen¬ 
dence.  With  the  circuits  Nmn  the  dependence  of  the  sensitivity 
on  the  location  —  including  special  delays  —  can  be  modeled. 
The  output  circuit  Nd  contains  elements  to  describe  the  intrin¬ 
sic  resistance  and  capacitance  as  well  as  the  parasitic  effects  of 
packaging.  This  model  was  implemented  into  HSPICE  and  in  a 
first  step  it  was  parameterized  for  the  dc-behaviour.  The  com¬ 
parison  of  simulation  results  with  measurement  results  shows  a 
very  good  agreement. 


I  I  I 


Fig.  13:  Structure  of  a  macro  model  of  a  photo  diode  considering  the 
location-  and  angular  dependent  sensitivity 


3.3.  Approach  to  model  the  optical  multimode  path 

In  the  following  a  modeling  approach  is  described  which  en¬ 
ables  a  time  domain  analysis  of  multimode  waveguides  where 
the  characterization  of  the  passive  optical  path  is  performed  by 
ray  tracing.  For  simplification,  but  without  loss  of  generality, 
the  angular  dependent  sensitivity  of  the  photo  diode  is  omitted 
in  the  following.  A  later  extension  of  the  modeling  approach 
for  being  able  to  consider  this  photo  diode  property  do  not  pose 
any  problem,  solely  an  increasing  complexity  will  be  the  result. 
With  this  pre-conditions  a  multiport  (figure  14)  with  N  inputs 
representing  the  discrete  ray  directions  of  the  laser  diode  model 
and  M  outputs  representing  the  discrete  elements  Am  of  the 
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Input  Output 


Fig.  14:  Multiport  representation  of  the  optical  path 

photo  diode  can  be  defined.  Assuming  non-reactiveness,  trans¬ 
fer  functions  ipnm(t)  can  be  computed  [3].  They  describe  the 
transfer  behaviour  of  the  entire  passive  optical  path  excited  by 
the  nth  ray  and  can  be  computed  by  the  ray  tracing  algorithm 
described  above.  This  characterization  of  the  waveguide  is  done 
by  the  excitation  with  rays  carrying  each  a  constant  power  (nor¬ 
malized  to  1)  in  order  to  compute  the  step  response  rj)nm  (t) 
regarding  the  nth  excitation  direction.  The  time  dependence  is 
derived  from  the  total  length  of  the  propagation  path  of  each 
ray. 

From  the  physical  properties  of  optical  multimode  wave¬ 
guides  some  fundamental  properties  of  the  functions  ipnm(t ) 
can  be  derived.  Due  to  the  finite  velocity  of  light  they  will  be 
zero  for  t  <  To  where  To  is  determined  by  the  fastest  mode  or 
the  rays  with  the  shortest  propagation  paths,  respectively.  Fur¬ 
thermore,  there  will  be  a  time  T\  with  Ti  >  To  which  defines  a 
steady  state  power  distribution  in  the  reference  plane  at  the  end 
of  optical  path.  Ti  is  mainly  determined  by  the  slowest  mode 
or  the  rays  with  the  longest  propagation  paths.  Strictly  speak¬ 
ing,  this  assumption  is  valid  only  for  the  total  optical  power 
at  the  end  of  the  optical  path  if  there  is  no  modal  noise.  But 
if  the  elements  of  the  photo  diode  are  chosen  to  be  sufficient 
large  compared  to  the  granularity  of  the  speckle  pattern,  this 
assumption  is  also  approximately  valid  for  the  sub-areas  Am  ■ 
For  the  time  in  between  (To  <  t  <  T{)  the  functions  ipnm(t) 
show  a  monotonously  increasing  behaviour.  As  i/'nm(t)  are  not 
given  explicitly  they  have  to  approximated  appropriately  in  or¬ 
der  to  be  able  to  determine  on  the  one  hand  the  impulse  response 
hnm  (t)=(M,nm{t)ilif  anc]  on  the  other  hand  to  allow  an  efficient 
numerical  convolution,  necessary  for  time  domain  simulation. 
More  efficient  than  an  approximation  through  step-functions  [3] 
seems  to  be  an  approximation  by  exponential  functions  which 
enables  the  application  of  very  fast  recursive  convolution  pro¬ 
cedures  [7]. 

After  the  determination  of  the  transfer  functions  hnm(t) 
they  can  be  combined  to  a  matrix  H(t)  and  optical  power  re¬ 
ceived  by  the  photo  diode  can  be  determined  by  a  convolution 
product  (figure  14). 


4.  CONCLUSION 

A  novel  hybrid  electrical-optical  interconnection  technology 
providing  optical  interconnects  on  pc  boards  and  being  able  to 
guarantee  the  performance  properties  of  next  generation  printed 
circuit  boards  was  presented.  Besides  a  short  description  of 
the  technology  itself  a  general  modeling  strategy  for  a  transient 
analysis  of  parallel  hybrid  electrical-optical  interconnects  was 
presented  which  easily  allows  the  extension  of  existing  trans¬ 
mission  line  simulators. 

The  approach  considers  unavoidable  roughness  of  wave¬ 
guides  as  well  as  the  emission  and  sensitivity  properties  of  the 
optical  transmitters  and  receivers,  respectively.  The  propaga¬ 
tion  of  light  within  and  between  multimode  waveguides  is  de¬ 
scribed  by  transfer  matrices  which  are  computed  by  means  of 
the  geometrical  optics  with  the  aid  of  a  Monte  Carlo  technique. 


A  complete  analysis  is  divided  into  the  characterization  of  the 
multimode  waveguide  in  order  to  determine  its  dynamical  be¬ 
haviour  and  the  following  transient  simulation  which  can  be  ex¬ 
ecuted  with  arbitrary  stimuli.  This  concept  is  already  known 
from  transmission  line  theory  and  requires  the  characterization 
of  the  passive  optical  path  only  once. 
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Abstract:This  paper  is  concerned  with 
predicting  the  electrical  behaviour  of  metallisation 
patterns  printed  onto  dielectric  substrates.  The  method 
described  was  initially  aimed  at  the  modelling  of  PCB 
layouts,  but  is  just  as  applicable  to  VLSI  layouts.  It 
involves  the  generation  of  an  equivalent  circuit  to  model 
the  electrical  properties  of  the  layout.  This  can  be 
obtained  efficiently  and  provided  directly  to  a  circuit 
simulation  program.  Predictions  can  then  be  made  of 
how  the  performance  of  a  circuit  implemented  on  a  PCB 
is  modified  by  its  physical  layout,  or  of  the  performance 
of  printed  components  such  as  spiral  inductors. 

1.  INTRODUCTION 

Miniaturisation  has  been  the  one  of  the  key 
driving  forces  behind  the  electronics  industry  for  over 
thirty  years  now.  Component  technology  has  progressed 
from  valves  to  transistors  to  integrated  circuits  to  very 
large  scale  integrated  circuits  (VLSI),  with  features  well 
under  a  micron  in  size.  As  the  components  have  reduced 
in  size,  so  the  methods  used  to  connect  them  together 
have  changed,  principally  through  the  introduction  and 
evolution  of  the  printed  circuit  board  (PCB). 

However,  as  circuit  design  became  more 
complex  and  constraints  on  space  increased,  problems 
began  to  be  seen,  particularly  in  high-frequency  design. 
The  cause  of  these  was  that  the  PCB  in  fact  behaves  in  a 
complex  manner,  with  various  electrical-loss  and 
internal-coupling  mechanisms. 


2.  ELECTROMAGNETIC  MODELLING 

Electromagnetic  modelling  has  a  long  history: 
some  of  the  basic  techniques  were  developed  more  than 
a  century  ago,  by  Maxwell  and  others.  However,  before 
the  widespread  use  of  computers,  only  a  very  limited 
range  of  problems  could  be  tackled,  such  as  isolated 
conducting  objects  of  symmetrical  shape. 


The  development  of  the  digital  computer 
changed  all  that.  There  is  now  a  large  set  of  numerical 
techniques  that  can  be  applied  and  a  vast  associated 
literature  describing  both  methods  and  particular 
applications. 

All  of  the  methods  work  by  transforming  the 
continuum  set  of  integro-differential  equations  into  a  set 
of  purely  algebraic  equations  which  can  be  solved  on  a 
computer  using  standard  numerical  techniques.  For 
electromagnetic  modelling,  there  is  a  fairly  natural 
subdivision  of  the  techniques  into  differential  and 
integral  methods. 


3.  GOVERNING  EQUATIONS  OF  TWO  COUPLED 
LINES 

The  problem  of  two  coupling  transmission 
lines  (TL)  is  essential  in  the  design  of  PCB  and  VLSI. 

The  basic  definitions  of  capacitance  and 
inductance  are  explained  [10],  and  used  as  the  starting 
point  for  a  detailed  analysis  wich  demonstrates  that  the 
equivalent-circuit  model  for  the  PCB  provides  an 
approximate  solution  to  Maxwell’s  equations.  The 
principal  approximations  are: 

•  the  assumption  that  the  dominant  coupling  effects 
take  place  over  electrically  short  distances,  and 

•  the  forms  of  charge  and  current  distribution  assumed 
in  the  conductors. 

Both  of  these  approximations  are  well  founded 
for  the  application  areas  envisaged,  namely  electrically 
small  but  geometrically  complex  structures,  and  their 
validity  is  borne  out  by  accuracy  of  the  results  obtained. 

Tire  aim  of  this  analysis  is  to  produce  an 
equivalent-circuit  model  for  the  PCB.  The  flows  of 
current  in  the  inductors  and  charge  in  the  capacitors 
give  an  approximation  to  the  real  charge  and  current 
distributions,  while  the  resistors  represent  both 
dielectric  and  resistive  losses. 

The  equivalent  circuit  model  of  a  part  dx 
belonging  to  two  TL,  lossless,  coupled,  with  comun 
returning  is  represented  in  Fig.l.  It  is  neccesary  to  take 
into  account  the  mutual  inductivity,  which  appears 
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between  line  1  and  the  ground,  as  well  as  that  which  is 
appearing  between  line  2  and  the  ground. 

Taking  into  account  the  presented  figure,  we 
may  write  the  following  relationships: 


g*L-  c  — u>  i  (C  +C  +C  )  (4) 

”  0,2  dt  (  22  12  2o)  dt 


The  previous  relations  (1)t(4)  can  be  rewritten 
in  matrix  form  as  follows: 
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The  derivative  with  respect  x  of  (5)  and  (6) 
and  replacing  them  in  (5),  respectively  (6)  we  obtain  : 
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The  equations  (1)  and  (2)  are  showing  the 
parasite  phenomenon  -  the  undesirable  energy  transfer 
between  one  circuit  and  the  other.  Thus,  in  (1)  the 
voltage  u\  depends  on  the  current  i2  from  the  other  line. 
Similar  u2  depends  on  /|,  and  so  on.  Line  1  couples  in  a 
parasite  way  line  2,  but  as  well  line  2  couples  in  a 
parasite  way  line  1.  The  equations  (7),  (8)  are  putting 
in  evidence  the  coupling  :  the  voltage  u\  depends  as 
well  on  voltage  u2,  and  so  on  -  it  does  not  result 
differential  equations  of  second  order  in  the  expresions 
of  u i  and  u2  like  in  the  study  of  isolated  lines. 

To  resolve  the  problem  it  is  necessary 
resolving  the  systems  (7)  and  (8)  conditioned  by  the 
equations  (1H(4). 


4.  FINITE-ELEMENT  METHOD 


In  the  previous  relaionships  L]U  C\\  represent  the  line 
parameters  of  line  1  in  the  presence  of  line  2  and 
L C,2(C21)  the  coupling  parameters  between  two 
lines  -  the  mutual  line  inductance  and  the  line  parasit 
capacitance.  In  case  of  lossless,  symmetrical,  with 
commun  returning  lines  we  have  the  following 
expressions  : 

Ux=Ln=L  A2=4i=M  Ao=M  A{=M+Ml+M1 

Qi=Q2=C  Qi=Ci\=Cp  Q0=Qy,  Q0-Q(p  Cp=C,,+Cu,+C1j» 


The  method  used  in  this  paper  is  the  finite- 
element  method  (FEM).  FEM  is  a  more  recent 
development  than  the  finite-difference  method.  It  was 
initially  developed  in  the  field  of  structural  analysis, 
and  as  a  result  much  of  the  literature  on  it  involves 
mechanical  and  civil  engineering.  The  essence  of  the 
method  is  the  development  of  an  approximatiom  to  the 
field  vectors  over  the  entire  domain,  rather  than 
approximating  the  governing  equations  at  a  finite  set  of 
points  as  in  the  finite-difference  method.This  is  done 
by  subdividing  the  entire  region  into  a  set  of  elements 
(usually  triangles  or  quadrilaterals  for  a  two- 
dimensional  region),  and  defining  a  set  of  basis 
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functions  (or  trial  functions)  to  represent  the  variation 
of  fields  within  each  element.  The  field,  Ex  for 
example,  is  then  represented  by 

N  (9) 

£*( r)s  ItiViir) 

i=  1 

where  y/t  is  a  set  of  N  basis  functions,  with  unknown 
coefficients 

A  set  of  equations  to  determine  the  unknown 
coefficients  is  generated  either  by  a  variational 
approach  or  by  the  use  of  weighting  functions,  which 
effectively  produce  samples  of  the  approximate 
solution,  the  governing  equation  and  the  boundary 
conditions.  The  resulting  solution,  which  contains  the 
set  of  coefficients  is  an  approximation  to  the  true 
fields  over  the  entire  domain. 


The  problems  of  interest  in  PCB  have  the 

following  properties: 

•  the  dielectric  materials  used  for  substrates  can  be 
assumed  to  be  arranged  in  a  layered  structure,  with 
each  layer  having  constant,  isotropic  material 
properties. 

•  the  arrangement  of  conductors  can  be  extremely 
complex,  but  nearly  all  are  in  a  plane  parallel  to  the 
substrate  interfaces. 

•  the  applications  are  usually  electrically  small,  or 
else  all  significant  electromagnetic  coupling  occurs 
over  electrically  small  distances. 

•  the  applications  are  often  unbounded. 

•  the  results  of  the  simulation  have  to  be  made 
available  to  circuit  designers  as  circuit-theory 
parameters. 


A  typical  configuration  is  represented  in  Fig.  2  and 
Fig.3. 


Fig.2.  Transversal  section  of  a  PCB. 


Fig.3. Upper  view  of  a  PCB  with  two  tracks,  with  the 
potential  applied  to  the  left  track. 


5.  CAPACITANCE  AND  INDUCTANCE  MATRIX 
COMPUTATION 


For  a  system  of  n+1  conductors  such  as  that 
illustrated  in  Fig.2,  let  the  potential  on  the  n+1 
reference  conductor,  the  ground  plane,  be  set  to  zero 
volts  with  respect  to  the  potentials  on  the  other 
conductors.  If  the  first  conductor  is  charged  up  to  a 
nonzero  potential  ^  =  M| ,  and  the  rest  of  the  conductors 
grounded  to  the  reference  conductor  (u2=u3= . . .  ~ua=Q 
volts),  then  the  electrostatic  field  and  charge  on  each 
conductor  is  uniquely  determined  by  the  value  of  <j>v 
In  this  manner  [10],  see  Fig.3,  the  y'th  column  of  the 
per-unit  length  capacitance  matrix  is  computed  as 


Q, 


(10) 


J  '(« . »/-!.«/♦ . «*)=o 

where  for  /=/',  Ci(  is  the  self-capacitance  between  the  /th 
conductor  and  ground;  and  for  CtJ  is  the  mutual 
capacitance  between  the  /th  and  the y'th  conductors. 

Calculation  of  the  per-unit  length  inductance 
matrix  is  obtained  from  the  capacitance  matrix 
calculated  with  the  dielectric  removed 


M-rtioic.r1-  <n) 

In  the  above  expressions,  e0  and  p0  are  the  permittivity 
and  permeability  of  free  space,  respectively;  and  [C0]  is 
the  per-unit  length  capacitance  matrix  in  the  absence  of 
the  dielectric. 

Applying  a  FEM-program  Quickfield  we  may 
obtain  Fig.4  and  Fig.5.  With  the  help  of  these  pictures 
it  is  possible  to  determine  the  Quickfield  values  for  the 
inductivity  and  capacity.  Similar  with  the  electrostatic 
analysis  obtained  in  Fig.4  and  Fig.5  it  is  possible  to 
realize  a  magnetostatic  analysis  too  as  in  Table  1.  It  is 
possible  to  propose  a  value  for  the  density  current 
obtaining  the  intensity  of  the  magnetic  field.  Having 
these  value  it  is  possible  to  derive  the  magnetic  flux. 
Knowing  the  values  of  the  magnetic  flux  and  current  it 
is  possible  to  obtain  the  values  for  the  inductivities 
having  a  different  permeability  than  p0.  The 


inductivities  values  for  po  have  similar  values  with  the 
theoretical  ones  obtained  in  Table  1. 
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with  two  tracks. 


D(  10'’  am  ) 
2430 
2.18? 
1.944 
1.701 
1.458 
1.215 
0.972 
0.729 
0.486 
0  243 
0.000 


Fig.5.  Distribution  of  the  electrical  density  on  a  PCB 


with  four  tracks. 

Table  1.  Theoretical  and  Quickfield  values. 


T 

Cn=9.23e-1 1  F/m 

L\ ,=12.038e-8  H/m 

Q 

C|,=9.72e-1 1  F/m 

Z, ,=1 1.43  le-8  H/m 

I 

C12=6.50e-12  F/m 

L12=T7.094e-9  H/m 

Q 

CI2=  6.61  e- 1 2  F/m 

Z12=16.809e-9  H/m 

T 

C10=11.98e-ll  F/m 

Z10=9.91e-8  H/m 

Q 

C10=12.579e-1 1  F/m 

Z„o=10.405e-8H/m 

T 

C20=8.93e-12  F/m 

Z,20=15.84e-9  H/m 

Q 

C20=9.3765e-12  F/m 

Z,20=  14.832e-9  H/m 

In  Table  1  are  represented  the  self¬ 
capacitance,  self-inductance  and  mutual  capacitance 
and  mutual  inductance  between  the  two  tracks  and  the 
ground. 

Analysing  the  obtained  values  we  can  see  that 
the  obtained  values  by  the  FEM  method  are  similar 
with  the  theoretical  ones. 

6.  CONCLUSIONS 

The  analysis  presented  in  this  paper  would  be  useful 
to  electromagnetic  engineers  and  scientists,  especially 
to  those  who  are  working  in  the  area  of  PCB.  The 
main  task  is  to  minimalize  the  perturbations  between 
the  tracks.  The  results  of  the  inductivitues  and 
capacities  are  validated  by  theoretical  results  obtained 


in  literature.  The  proposed  method  is  based  on  a 
circuital  characterization  of  the  structure  with  two  and 
four  tracks,  via  the  FEM.  The  circuital  characterization 
of  PCB  also  allows  one  to  study  multiple  perturbations 
problems. 


7. REFERENCES 

[1] ,  Radu,  S.  “Electromagnetic  Compatibility” 
(Romanian),  Editura  “Gheorghe  Asachi"  Iasi,  1995. 

[2] ,  Ignea,  A.  “Measuring  and  testing  in 
electromagnetic  compatibility”  (Romanian)  ,  Editura 
Waldpress,  Timi§oara  1996. 

[3] .Breaban,  F.  “Microwaves”  (Romanian)  ,  U.T.T 
Timisoara ,  1991. 

[4] ,  Angot,  A.  “Mathematical  Complements”  (French), 
Editura  Tehnica ,  1966. 

[5] ,  S.  Radu,  “Introduction  in  electromagnetic 
compatibility”  (Romanian).  Ia?i:  Editura  “Gh. Asachi”, 
1995. 

[6] ,  R.  Laroussi  and  G.I.  Costache,  “Finite-Element 
Method  Applied  to  EMC  Problems”,  IEEE 
Electromagnetic  Compatibility,  vol.35,  ppl 78-1 84, 
Mai  1993. 

[7] ,  Gh.  Mindru  and  M.M.  Radulescu,  “Numerical 
analysis  of  electromagnetic  field”(Romanian),  Editura 
Dacia,  Cluj,  1986. 

[8] ,  O.C.  Zienkiewicz  and  R.L.  Taylor,  “  La  mdthode 
des  616ments  finis.  Formulation  de  base  et  probl6mes 
linaires”,  Afnor  Technique,  Paris, 1991. 

[9] .***  QUICKFJELD-Finite  Element  Analysis 
System.  Version  3.2.  Tera  Analysis  1995. 

[10] ,  M.  Lascu,  “Contributions  in  the  assurance  of 
electromagnetic  compatibility  of  electronic 
equipments”,  (Romanian)  PhD,  1998. 

BIOGRAPHICAL  NOTES 

Mihaela  Ruxandra  Lascu  was  born  in 
Timi$oara,  Romania,  on  May  7,  1962.  She  received  the 
degree  in  electrical  engineering  from  the  “Politehnica” 
University  of  Timisoara  in  1986  and  the  Ph.D.  degree 
in  electromagnetic  compatibility  in  1998.  Since  1990 
she  was  appointed  Assistant  at  the  University  of 
Timi$oara.  Her  main  interest  is  in  numerical  techniques 
applied  in  electromagnetic  compatibility,  such  as 
finite-element  analysis  and  finite-difference  time- 
domain  methods,  and  their  application  to  interference 
problems  in  steady-state  and  time-domain  applications. 
Now  she  is  lecturer  at  the  University  of  Timi§oara. 

Dan  Florentin  Lascu  was  born  in  Timi?oara, 
Romania,  on  June  30,  1961.  He  received  the  degree  in 
electrical  engineering  from  the  “Politehnica” 
University  of  Timi?oara  in  1986  and  the  Ph.D.  degree 
in  power  electronics  in  1998. Since  1997  he  was 
appointed  Lecturer  at  the  University  of  Timisoara.  His 
main  interest  is  in  power  processing  topologies, 
modeling  and  control,  power  factor  correctors  and  high 
power  density  switch  mode  power  converters. 


INTERNATIONAL  WROCLAW  SYMPOSIUM 
ON  ELECTROMAGNETIC  COMPATIBILITY 


EMC  2000 


Radio  interference  cases  on  broadcasting  sites 

Alain  Azoulay 

TDF  /  Centre  Technique.  4  avenue  Ampere .  78897  Saint  Quentin  en  Yvelines  .  France 

alain.azoulav@cetec.tdf.fr 


Introduction 

Radio  broadcasting  companies  face  sometimes  strong 
interference  cases  where  colocation  of  radio  broadcast 
transmitters  (FM  and  TV)  and  two-way  private  or 
cellular  mobile  radio  could  exist  on  the  same  site. 

We  present  here  some  definitions  and  a  typical  case  as 
well  as  the  way  to  avoid  interference  between  co¬ 
located  services  on  transmitting  sites.  A  prediction 
software  has  been  developed  to  assess  interference, 
particularly  inter-modulation  products  and  harmonics 
generation  as  well  as  blocking  effect.  Even  if  the 
prediction  of  intermodulation  frequencies  is  quite 
achievable,  the  levels  of  these  products  are  another 
matter  as  numerous  cases  of  non-linearities  can  occur 
on  a  transmitting  site.  Radiated  powers  are  quite  high 
on  a  broadcasting  site  and  rectification  or  non  linear 
phenomena  could  occur  at  any  place  in  the  coupling 
link  between  one  or  multiple  transmitters  and  a  co¬ 
located  victim  receiver  or  sometimes  distant  receivers. 

2.  Typical  organization  of  a  broadcasting  site. 

Usually,  in  most  cases,  transmitters  are  located  in 
dedicated  rooms  in  broadcasting  centers. 
Electromagnetic  compatibility  for  these  centers  are  a 
mostly  important  issue.  Not  only,  because  of  the 
various  transmitters  and  receivers  it  is  possible  to  find 
in  such  a  center,  but  also  for  the  electromagnetic 
protection  against  lightning  or  power  lines  surges. 
Broadcasting  centers  are  often  located  on  heights,  over 
mountains  or  hills  with  masts  which  heights  are  well 
above  50  meters.  So,  lightning  protection  is  also  a 
concern  from  the  EMC  point  of  view. 

In  this  paper,  we  will  focus  mainly  on  the 
radiofrequency  compatibility  aspect  which  is  the  other 
most  important  parameter  that  the  broadcasters  have  to 
take  in  consideration  to  assess  a  good  quality  of 
reception  and  transmission  on  their  site. 

A  number  of  documents  prepared  by  various 
organizations  (ITU-R,  ETSI,  EBU,..)  reflect  this  topic. 
M>[2],[3]. 


in  a  dedicated  room 


Figure  2  .  A  TV,  FM  and  AM  site 


The  figure  1  depicts  a  typical  broadcasting  center  room 
and  die  figure  2  shows  a  broadcasting  site  in  France. 
Broadcasting  centers  are  more  and  more  subject  to  high 
demand  not  only  for  the  broadcasting  purposes,  but 
also  for  communication  purposes.  On  the  same  site,  we 
can  usually  find ,  of  course  broadcasting  transmitters  in 
FM,  analog  TV  Band  III,  IV,  V,  sometimes  DAB,  and 
in  a  starting  phase  DVB-T  transmitters.  In  addition,  it 
is  more  and  more  common  to  find  Private  Mobile 
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Radio  (PMR)  systems  analog  and  digital,  cellular  GSM 
900  and  1800,  microwave  relays  in  various  microwave 
bands,  satellite  reception  and  other  specific  radio 
systems  (GPS  for  example) 

In  short,  there  is  a  high  density  of  transmitters, 
receivers  and  of  course  antennas  covering  various 
frequency  bands. 

Such  a  density  of  radio  systems,  mostly  covering  30 
MHz  up  to  some  38  GHz  implies  to  provide  to  the 
radio  managers  of  the  site  and  of  the  radio  systems  an 
appropriate  level  of  electromagnetic  compatibility 
between  these  systems  which  could  comply  with  very 
different  standards,  which  could  be  of  very  different 
generations  and  which  compatibility  is  not  always  easy 
to  verify. 

One  of  the  critical  EMC  issues  is  that  on  these  sites, 
there  are  dedicated  sensitive  receivers  with  antennas 
which  could  be  installed  very  close  to  powerful 
transmitters  antennas. 

2.2.  Frequency  bands  found  on  typical  broadcasting 
sites  (transmit  and  receive  frequencies) 

If  we  exclude  a  limited  number  of  specific  sites 
dedicated  to  AM  radio  (long,  medium,  short  waves), 
most  of  the  broadcasting  sites  include  radio  systems 
which  are  located  in  various  frequency  bands.  The 
table  1  indicates  the  frequency  bands  found  in  France 
on  various  sites. 


Radio  Service  / 
system 

Transmit 
frequency  band 

Receive 

frequency  band 

Private  mobile 

68-87  MHz 

68-87  MHz 

FM 

87.5-  108  MHz 

Private  mobile 

151-174  MHz 

151-174  MHz 

TV  Band  m 

174-223  MHz 

PMR  analog 

406-428  MHz 

406428  MHz 

PMR  Digital 

410430  MHz 

410430  MHz 

PMR  analog 

440470  MHz 

440470  MHz 

TV  Baird  IV/V 

470-860  MHz 

GSM  900  receive 
band  (BTS) 

890-915  MHz 

GSM  900  transmit 
band  (BTS) 

935-960  MHz 

GPS  (receivers) 

1575,42  MHz 

DAB 

1452-1492  MHz 

GSM  1800  receive 
band  (BTS) 

1710-1785  MHz 

GSM  1800 
transmit  band 
(BTS) 

1805-1880  MHz 

Microwave  relays 

4  GHz,  7  GHz,  23 
GHz,  38  GHz 

4  GHz,  7  GHz,  23 
GHz,  38  GHz 

Table  2.  Frequency  bands  of  some  radio  services  or 
systems  found  usually  in  a  broadcasting  site 


In  addition,  sometimes,  specific  broadcast  receivers  are 
also  installed  on  the  site  in  order  to  provide  Ball-enfang 
reception. 

2.3.  Types  of  radio  interference  encountered  on 
broadcasting  sites 


Generally  speaking,  only  the  radio  receivers  are 
affected  by  interference  but  sometimes,  also 
transmitters  could  be  affected  by  specific  situations 
which  will  be  described  in  this  document. 

The  most  common  sources  of  interference  to  radio 
receivers  in  broadcasting  sites  come  from  two  effects 
very  different  in  their  origin: 

tire  first  effect  comes  from  all  unwanted  emissions 
the  second  effect  comes  from  tire  blocking  of  the 
receivers  because  of  the  presence  of  high  power 
transmitters. 

As  defined  by  Radio  Regulations  (Article  1  (SI),  No. 
140  (SI.  146)  of  tire  RR),  unwanted  emissions  consist 
of  spurious  emissions  and  out-of-band  emissions. 

Out-of-band  emissions  (Article  1  (SI),  No.  138 
(SI.  144)  of  the  RR)  are  situated  on  a  frequency  or 
frequenqies  immediately  outside  the  necessary 
bandwidth  of  the  transmission  which  results  from  the 
modulation  process,  but  excluding  spurious  emissions. 
These  emissions  affect  sometimes  other  radio  services 
closely  located  in  frequency,  but  most  of  the  time,  it  is 
the  spurious  emissions  which  affect  most  dramatically 
radio  receivers  installed  on  transmitting  sites. 

Spurious  emissions  consist  of  many  radiated  signals 
resulting  of  the  presence  of  a  single  transmitter  but 
could  be  worse  whenever  multiple  transmitters  are  co¬ 
located  on  a  same  site. 

Spurious  emissions  (Article  1  (SI),  No.  139  (SI. 145) 
of  the  RR)  are  emissions  on  a  frequency,  or 
frequencies,  which  are  outside  tire  necessary  bandwidth 
and  the  level  of  which  may  be  reduced  without 
affecting  tire  corresponding  transmission  of 
information.  Spurious  emissions  include  harmonic 
emissions,  parasitic  emissions,  intermodulation 
products  and  frequency  conversion  products  but 
exclude  out-of-band  emissions. 

Spurious  emission  from  FM  stations  can  affect  a 
number  of  radio  services  which  are  close  in  frequency 
to  tire  FM  band,  namely  PMR  band  below  87.5  MHz 
and  airband  above  108  MHz,  additionally  harmonics  of 
tire  transmit  frequencies  and  all  types  of  broadband 
noise  can  also  decrease  tire  protection  ratio  of  the 
receiver.  On  broadcasting  sites,  most  of  the  spurious 
emission  come  from  the  intermodulation  products 
related  to  tire  presence  of  multiple  transmitters.  It  is  not 
uncommon  to  have  on  tire  same  site  more  than  6  FM 
transmitters  and  3  to  6  TV  transmitters. 

Coupling  combined  to  non-linear  effects  may  produce 
internrodulation  signals  at  various  places. 

If  Fi  are  tire  transmitters  frequencies,  a  non  linear  effect 
could  provide  signals  at  frequencies  Fjjyjq  which  are 
linear  combination  of  the  frequencies  Fi. 

FiMq  =  l+/-m  F1+/-  n  F2  +/-  P  F3+  -  I 

The  order  q  of  the  internrodulation  product  is  tire  sum 
of  the  coefficients  of  the  linear  combination 
q  =  m+n+p+ . , 
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with  m,  n,  p,  q  integers  positive  or  equal  to  zero. 

If  we  consider  only  two  signals  at  FI  and  F2,  the 
generated  intermodulation  products  will  include  : 

harmonics  and  intermodulation  products  of  tire 
second  order  F1+F2,  F1-F2,  2F1.2F2 
harmonics  and  intermodulation  products  of  the 
third  order  which  can  be  very  troublesome  like 
2F2-F1,  2F1-F2,  2F1+F2,  2F2+F1,  3F1,  3F2 
etc... 

The  levels  of  intermodulation  products  generally 
decrease  when  the  order  increase.  From  a  practical 
point  of  view,  the  most  disturbing  orders  are  usually 
the  third  and  the  fifth.  For  the  FM  band,  a  number  of 
cases  have  been  identified  with  products  of  the  third 
order. 

The  intermodulation  phenomenon  can  occur  in 
different  locations  on  a  broadcasting  site.  The 
transmitters  and  their  infrastructures  including  the 
multiplexers,  the  antennas  and  the  cables  may  be  one 
source  of  non-linear  effects.  The  final  stage  of  a  power 
amplifier  can  be  a  point  of  non-linearity  by  coupling 
of  high  field-strengths  induced  by  another  transmitter 
to  the  output  of  this  amplifier,  so  there  could  be  a  mix 
of  two  signals  at  frequency  FI  and  F2  with  an  order 
three  combination. 

As  defined  in  [3],  the  intermodulation  conversion  loss 
Ai,  in  dB,  is  the  ratio  of  power  levels  of  the  interfering 
signal  from  an  external  source  and  the  intermodulation 
product,  both  measured  at  the  output  of  the  transmitter. 
Without  any  special  precautions,  typical  values  for 
semi-conductor  transmitters  are  to  be  found  in  a  range 
of  5  to  20  dB  and  for  valve  transmitters,  in  the  range  of 
10  to  30  dB,  in  respect  of  the  3rd  order  product  (2fl  - 
f2).  The  overall  loss  between  a  transmitter  providing 
the  unwanted  emission  giving  rise  to  the 
intermodulation  product  and  a  receiver  operating  at  die 
frequency  of  the  product  is: 

A=Ac+Ai+Ap  (2) 

where  Ac  is  the  propagation  loss  between  die 
interfering  signal  output  and  die  transmitter  output,  A 
p,  in  dB,  is  the  propagation  loss  of  the  intermodulation 
product  between  die  relevant  transmitter  output  and  die 
receiver  input  and  Ai  is  die  intermodulation  conversion 
loss. 

The  second  possible  point  where  intermodulation  may 
occur,  is  die  receiver  input  when  two  RF  signals  widi 
high  amplitude  are  present  at  die  input. 

For  angle  modulation  systems,  receiver  inter¬ 
modulation  performance  is  defined  by  the  exisdng 
standard  ETS  300  086  [5]  as  a  ratio  between  an  on- 
frequency  wanted  test  signal  of  -107  dBm  and  two  off- 
frequency  unwanted  signals  at  70  dB  above  diis  level 
displaced  to  cause  a  third  order  intermodulation 
product  on  the  wanted  channel.  Under  tiiese  conditions 
an  audio  output  approximately  equivalent  to  a  7  dB  RF 
carrier  to  interference  ratio  at  die  receiver  input  must 
be  obtained.  This  definition  dierefore  accepts  tiiat  in 
die  presence  of  the  off-frequency  signals,  die  receiver 
sensitivity  required  by  standards  may  be  degraded  by  3 
dB. 


The  tiiird  point,  quite  difficult  to  identify  and  handle  is 
die  site  itself  widi  its  metallic  infrastructure,  masts  and 
fence.  Many  reports  state  that  the  masts  or  the  fence 
could  be  responsible  for  generating  intermodulation 
products  by  non-linearities  of  the  rust  or  various 
metallic  oxides  at  contact  points  or  bolts.  There  is  here 
a  type  of  semi-conductor  acting  as  a  non-linear  device. 

The  second  most  important  effect  comes  from  the 
blocking  effect  or  desensitization  of  the  victim  receiver 
which  receives  an  important  level  of  out  of  band 
incoming  signal.  Usually,  die  front  end  part  of  the 
receiver  will  have  a  gain  reduction  resulting  in  a 
degradation  of  sensitivity  or  sometimes  some  strange 
effects  like  rectification  of  die  incoming  high  level 
signal. 

This  situation  is  generally  qualified  in  the  existing 
standards  by  the  blocking  performance.  This  blocking 
although  not  clearly  defined  by  ITU-R,  has  been  taken 
into  account  by  ETSI  in  .its  various  radio  standards  in 
order  to  provide  protection  of  the  receivers.  These 
standards  do  not  provide  always  efficient  protection 
against  blocking  on  difficult  situations  such  as 
broadcasting  sites  widi  multiple  powerful  transmitters 
(often  more  dian  1  kW)  but  they  indicate  that  blocking 
can  occur  and  give  a  typical  protection  against 
blocking. 

3.Some  typical  situations  of  interference 

One  of  die  most  typical  situations  of  interference  is 
caused  by  the  presence  of  Private  Mobile  Radios 
(PMR)  below  87  MHz  and  many  FM  transmitters  on 
die  same  site.  Intermodulation  products  are  one  of  the 
major  sources  of  trouble  in  assessing  die 

radiofrequency  compatibility  of  the  site. 
Intermodulation  products  come  by  combination  of 
coupling  and  non-linearities  at  various  places  in  the 
whole  site. 

Among  the  various  cases,  here  is  one  interesting  cases 
of  FM  /  PMR  compatibility. 

One  PMR  equipment  consists  of  transceivers 
connected  on  tiiree  whip  antennas.  These  antennas  are 
installed  at  various  altitudes  on  the  mast  but  the  highest 
antenna  is  located  between  to  sets  of  FM  antenna.  The 
PMR  frequencies  are  the  following:  83.150  MHz, 
83.5125  MHz,  83.9375  MHz  and  83.4125  MHz. 

The  FM  transmitters  are  located  in  a  specific  room  and 
consist  of  two  racks: 


Public  FM  radios 

Frequency  (MHz) 

FM1 

97.2 

FM2 

88.0 

FM3 

95.4 

FM4 

107.3 

Rackl  :  Public  FM  radios 
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Private  FM  radios 

Frequency  (MHz) 

FM5 

106.7 

FM6 

102.0 

FM7 

95.9 

Rack2  :  Private  FM  radios 


research  center  of  TDF  lias  developed  a  new  software 
to  provide  a  practical  situation  analysis  of  the 
radiofrequency  compatibility  of  a  broadcasting  site.  In 
a  first  phase,  this  tool  is  dedicated  to  the  worst  case 
encountered  in  broadcasting  stations  that  is  PMR  -  FM 
compatibility  analysis 


Interference  identification 

The  first  step  to  cope  with  interference  is  to  identify  the 
frequencies  of  the  intermodulation  products  potentially 
provided  by  the  FM  transmitters.  As  in  most  of  the 
cases,  third  order  IM  products  are  the  most  disturbing  a 
full  calculation  of  the  frequencies  have  been  conducted 
and  the  main  IM  frequencies  coming  close  to  the  PMR 
frequencies  are  the  following 


A  new  version  is  under  way  to  cover  most  of  the  cases 
for  radio  EMC  analysis  purposes.  This  tool  is  a 
development  and  engineering  tool  and  not  a  perfect 
model  of  all  the  phenomena  which  may  occur  in  an 
interfering  situation,  but  it  is  quite  helpful  and  gives  a 
quick  overview  of  potential  problems. 

5.  Some  solutions  to  avoid  interference  on 
broadcasting  sites. 


Third  order  IM  product  in 

Contribution  of 

the  PMR  band 

frequencies 

83.2  MHz 

FM2  +FM7-FM4 

83.3  MHz 

FM2  +  FM6  -  FM5 

83.5  MHz 

2.FM3-FM4 

84  MHz 

FM3  +  FM7  -  FM4 

Measurement  have  been  performed  all  around  the 
equipment  and  particularly  at  the  output  of  the 
multiplexers  of  both  FM  radios  groups;  no 
intermodulation  product  appeared. 

The  FM  levels  measured  at  the  output  of  the  receiving 
PMR  antennas  are  high  ,  between  98  and  1 13  dB(pV). 
The  single  intermodulation  product  measured  is  the 
83.5  MHz  frequency  with  various  levels  depending  on 
the  antenna,  die  highest  PMR  antenna  receives  26 
dB(pV),  the  other  antenna  at  lower  level  receives  40 
dB(pV) 

To  fix  the  problem  these  two  antennas  liave  been 
removed  and  replaced  by  a  Ground  Plane  antenna 
placed  well  above  the  FM  antenna  panels  and  a  global 
improvement  of  more  than  10  dB  has  been  acliieved  on 
the  IM  product  as  well  as  on  the  blocking  parameters, 
and  the  PMR  equipment  could  perform  satisfactorily 

4.  Software  to  predict  interference 

In  order  to  avoid  to  perform  calculations  and 
measurements  on  a  case  by  case  basis,  TDF-C2R,  the 


First  of  all,  to  avoid  interference  a  careful  frequency 
planning  should  be  started  in  order  to  eliminate  any 
risk  of  intermodulation  product  as  far  as  possible; 
additionally,  coupling  calculation  must  be  conducted  in 
order  to  avoid  blocking  effects  as  far  as  the  blocking 
level  of  the  potentially  victim  receiver  is  known  or 
assumed  based  on  standards  or  specifications. 

From  practical  point  of  view,  the  broadcasting  sites 
should  be  well  maintained  to  avoid  rust,  to  avoid 
equipment  and  antenna  being  left  after  their  usage; 
good  grounding  and  shielding  of  all  equipment  and 
cabling  should  be  taken  into  account  as  well. 
Additionally,  high  performance  selective  filters  should 
be  placed  just  between  the  antenna  and  the  receiver 
amplifier  to  define  the  operational  frequency  band  in 
order  to  limit  any  blocking  problem. 

Another  important  factor  is  the  decoupling  factor 
between  the  transmit  antennas  and  the  receive  antenna. 
This  decoupling  factor  should  be  maintained  as  high  as 
possible  to  increase  the  loss  between  the  interfering 
signals  and  the  victim  receiver. 

6.  Conclusion 

Interference  cases  on  broadcasting  sites  are  a 
permanent  subject  to  take  care  as  compatibility 
between  niunerous  high  power  transmitters  and  very 
sensitive  receivers  at  close  frequencies  should  be 
guaranteed.  Many  measurements  have  to  be  conducted 
to  identify  accurately  all  the  physical  mechanisms 
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(coupling,  intermodulation  and  non-linear  effects  in 
general)  and  a  software  tool  to  improve  EMC 
prediction  seems  more  and  more  useful  as  the  number 
of  transmitters  and  receivers  in  various  frequency 
bands  increase  every  day  and  as  the  demand  for  new 
radio  services  is  always  stronger. 
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Abstract  -  With  the  increasing  demand  for  cheaper  and 
better  wireless  services  from  the  customers,  and  the  move 
towards  smaller  cell  sizes,  it  is  becoming  very  important  to 
optimally  design  the  cell  geometries,  and  deploy  the 
minimum  number  of  base  stations  to  provide  maximum 
possible  coverage.  The  gradual  decrease  in  cell  sizes  with 
the  objective  of  providing  services  to  more  number  of  users 
has  lead  to  the  design  of  microcells.  These  microcells  have 
the  base  station  antennas  located  well  within  the  local 
environments  and  usually  below  the  local  building 
rooftops.  In  this  paper  we  consider  how  to  optimally 
determine  the  locations  for  the  placement  of  base  stations 
for  a  wireless  system  in  an  urban  setting,  given  the  data  for 
building  heights  and  their  locations.  The  optimality  of  the 
base  stations  is  with  respect  to  the  total  coverage  area 
using  the  minimum  number  of  base  stations.  Coverage  is 
being  defined  as  the  percentage  of  area  from  where  it  is 
possible  to  establish  a  communication  link  with  at  least  one 
of  the  base  stations.  In  an  urban  setting,  where  we  expect  a 
relatively  high  density  of  tall  buildings,  line  of  sight  (LOS) 
links  may  not  be  always  possible.  Wherever  LOS  link  is  not 
possible,  a  non-LOS  link  might  be  considered,  taking  into 
account  the  attenuation  of  the  radio  waves  through  the 
building  walls  (and  the  roof  as  the  case  may  be). 

1.  INTRODUCTION 

Typically,  in  urban  settings,  the  base  station  location  is 
chosen  to  be  on  the  top  of  the  tallest  building  [1J. 
However,  with  the  move  towards  smaller  cell  sizes  in  order 
to  meet  a  larger  user  densities,  micro-cellular  environments 
are  being  deployed  [7],  These  microcells  have  the  base 
station  antennas  located  well  within  the  local  environments 
and  usually  below  the  local  building  rooftops.  The  location 
of  the  base  station  antenna  below  the  level  of  the  rooftop  of 
the  local  buildings  implies  that  the  field  strength 
dependence  can  no  longer  be  adequately  described  in  terms 
of  a  single  radial  distance  variable.  The  streets  and  the 
rooftops  will  have  a  strong  guiding  effect.  The 
microcellular  systems  designers  require  accurate  estimation 
of  carrier  to  co-channel  interference  in  order  to  design 


interference  limited  high  capacity  mobile  radio 
systems.  The  propagation  modeling  has  to  be  3-D  so 
as  to  get  reasonably  accurate  estimates. 

Currently,  in-building  wireless  service  represents  a 
significant  and  growing  component  of  the  cellular 
traffic  [2],  This  wireless  service  may  not  be  limited  to 
telephony  alone.  Traditionally,  pedestrian  mobility  has 
been  supported  by  high  power  systems  that  are  more 
costly  than  necessary.  But  as  the  customer  base  is 
expanding,  for  increased  network  efficiency,  the  cell 
sizes  have  to  be  reduced  [3],  The  geometries  of  these 
small  cells  will  be  determined  by  the  building  locations 
building  heights,  street  locations,  location  of  the  base 
stations,  the  transmitter  power  and  the  receiver 
sensitivity.  A  change  in  the  location  of  the  base  station 
will  alter  the  cell  sliapc  and  hence  the  coverage 
provided  by  that  base  station.  In  order  to  provide 
cheaper  but  reliable  wireless  communication  services 
with  high  coverage  (both  in-building  and  outdoors)  to 
more  and  more  users,  it  is  essential  to  optimally  plan 
the  cell  site  locations  and  the  base  station  location 
within  the  cells.  This  planning  for  cell  sites  and  base 
station  location  lias  to  be  done  taking  into  account  the 
following: 

(i)  Locations  and  heights  of  the  buildings  within 
the  area  where  the  wireless  communication 
service  has  to  be  provided. 

(ii)  Allowable  base  station  locations  (since  all 
locations  may  not  be  accessible  or 
permissible). 

(iii)  Attenuation  of  the  radio  waves  by  the  walls 
and  roofs  of  buildings  (in  order  to  determine 
the  non  LOS  coverage). 

This  paper  discuss  the  strategy  to  determine  the 
optimal  location  of  the  base  stations  and  the 
corresponding  cell  sites,  given  the  environment 
variables  (building  locations  in  the  area,  building 
heights,  attenuation  through  the  walls  and  roof  of 
buildings,  the  transmitter  power  and  the  receiver 
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sensitivity).  The  optimization  is  based  on  the  principles  of 
dynamic  programming.  A  software  package  has  been 
developed  which  implements  this  technique  and  assists  in 
cell  site  and  base  station  location.  This  paper  briefly 
explains  the  algorithm  and  the  working  of  this  planning 
software.  This  software  can  be  used  for  system  level 
designing. 

2.  COVERAGE  IN  AN  URBAN  SETTING 

Here  coverage  is  being  defined  as  the  percentage  of  area 
from  where  it  is  possible  to  establish  a  communication  link 
with  at  least  one  of  the  base  stations.  In  other  words,  the 
strength  of  the  radio  signal  is  above  a  known  threshold 
level  (receiver  sensitivity)  in  the  area  covered  by  the 
service  provider.  In  any  urban  setting  there  are  tall 
buildings,  and  the  coverage  is  desired  both  indoors  and 
outdoors.  Besides,  the  streets  and  the  building  rooftops 
have  strong  guiding  effects.  It  may  be  possible  that  line  of 
sight  (LOS)  link  is  not  feasible  due  to  the  presence  of 
buildings  and  other  obstructions  (Fig.  1).  In  that  case  the 
attenuation  of  the  radio  signal  through  multiple  walls  (and 
roofs)  will  have  to  be  taken  into  account.  Depending  upon 
the  construction  materials  used  in  the  building  and  the  wall 
thickness,  losses  of  5  to  10  dB  are  typical  [2], 


Figure  1.  Non  line-of-sight  links  through  building  walls  in 
an  urban  setting.  The  wave  propagation  is  determined  by 
the  building  locations  and  heights. 


Depending  on  the  relative  positions  of  the  base  station 
and  the  tali  buildings  in  its  neighbourhood,  tire  cell 
geometry  will  get  determined.  Thus,  tire  ideal  location  of 
the  base  station  will  be  a  function  of  the  building  heights 
and  their  relative  locations  in  that  area. 

3.  OPTIMAL  BASE  STATION  LOCATION 

The  objective  is  to  determine  the  optimal  location  of  base 
stations  given  the  building  locations,  building  heights, 
attenuation  through  walls  and  the  transmitter  power.  This 
is  a  resource  allocation  problem  where  our  objective 


function  (the  function  which  is  to  be 
maximized/minimized  in  an  optimization  problem)  is 
the  coverage  area.  The  decision  variables  are  the  base 
station  locations,  their  corresponding  heights  and  the 
total  number  of  base  stations  required  to  provide  the 
desired  coverage.  Here  we  approach  the  problem  from 
the  perspective  of  dynamic  programming  [4,  5], 

Let  us  say  that  we  have  to  set  up  the  wireless 
communication  network  for  an  urban  campus.  We  do 
not  lay  any  restrictions  on  the  size  of  the  campus.  First 
we  divide  the  entire  campus  in  rectangular  grids.  The 
grid  size  will  depend  upon  the  accuracy  desired.  Thus 
the  entire  campus  can  be  represented  by  a  set  of  grid 
points.  Our  objective,  then,  is  to  place  minimum 
number  of  base  stations  in  such  a  manner  so  as  to 
cover  maximum  number  of  grid  points.  It  may  be 
possible  that  a  single  grid  point  is  covered  by  more 
than  one  base  station  (overlapping  cells).  Intuitively, 
we  must  minimize  the  overlap  areas  of  the  different 
cells  if  we  want  to  use  the  minimum  number  of  base 
stations. 

Let  us  say  that  N  base  stations  have  to  be  deployed  in 
order  to  achieve  the  desired  total  coverage.  This  value 
of  N  is  also  to  be  determined.  Let  the  set  of  all  grid 
points  in  the  campus  be  represented  by  S  and  the  size 
of  this  set  be  m.  Thus  there  are  m  grid  points  that  span 
the  campus.  We  assume  that  the  possible  locations  of 
a  base  station  can  only  be  on  any  one  of  the  grid 
points.  Once  we  place  a  base  station  at  a  certain  grid 
location,  it  will  be  able  to  cover  (illuminate)  a  certain 
number  of  grid  points  around  it  The  algorithm  is  as 
follows: 

We  solve  this  resource  allocation  problem  using 
concepts  from  dynamic  programming.  We  begin  by 
identifying  the  stages  in  the  problem.  The  stage  should 
be  chosen  so  that  when  one  stage  remains,  the  problem 
is  easy  to  solve.  Then,  given  that  the  problem  has  been 
solved  for  the  case  where  one  stage  remains,  it  should 
be  easy  to  solve  the  problem  where  two  stages  remain, 
and  so  forth.  It  would  be  easy  to  solve  if  only  one  base 
station  was  to  be  placed  optimally.  Let  us  define  stage 
to  represent  the  case  when  the  base  station  locations 
remaining  to  be  determined  arc  t,  t+l,...,N. 

Next,  define  f(d,)  to  be  the  maximum  total-coverage 
obtained  by  placing  the  t,  f+l,.„,  Abase  stations  at  the 
grid  locations  contained  in  the  set  dt.  The  size  if  d,  will 
be  N  -  t  +  1.  Further  define  x*  to  be  the  base  station 
location  at  stage  t  in  order  to  attain  f(dt).  We  start 
working  backwards  by  computing  fdg).  0  =  1,...,  m). 
That  is,  we  place  the  A*1  base  station  at  every  grid 
point,  one  grid  point  at  a  time.  Corresponding  to  each 
location  g,  (/'  =  1,...,  tri),  we  determine  the  set  of  grid 
points  Sj,N  to  which  the  Nth  base  station  would  provide 
coverage.  The  set  siN  will  be  a  function  of  the 
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buildings  located  near  the  base  station  location  g,  Thus, 
corresponding  to  a  base  station  located  at  every  grid  point 
in  the  campus,  we  obtain  a  set  of  covered  (illuminated)  grid 
points. 

We  continue  the  process  for  the  N-  1th  base  station.  To 
determine  we  look  at  all  possible  locations  for  the 

AM  base  station  location.  The  location  that  maximizes  fN. 
iMv-i)  is  Wv-0-  Let  the  AM*  base  station  located  at  g, 
provide  coverage  to  the  set  of  grid  points  sitN.  It  would  be 
logical  to  avoid  locating  the  Nth  base  station  at  a  grid  point 
already  covered  (illuminated)  by  the  AM*  base  station. 
Therefore,  the  possible  locations  for  the  N *  base  station, 
given  a  particular  location  of  the  AM*  base  station,  now 
belongs  to  the  smaller  set  S  -  siN.\.  The  function  to  be 
maximized  at  stage  AM  can  be  expressed  as: 

fr- if<W  =  max  S-s,MA)}  (1) 

where  S  is  the  set  of  all  grid  points  spanning  the  campus,  s- 
i,N  is  the  set  of  grid  points  to  which  the  AM*  base  station 
(located  at  g,)  provides  coverage,  and  fN.\ (dN.\)  represents 
die  total  coverage  at  stage  AM.  Note  that  the  algorithm 
works  backward  from  the  end  of  the  problem  towards  die 
beginning,  thus  breaking  up  the  large,  unwieldy  problem  in 
to  a  series  of  smaller,  more  tractable  problems.  At  each 
stage  t,  only  the  maximum  value  of  f(d,)  is  retained 
(principle  of  optimality).  We  keep  on  working  backwards 
until  f£di)  =  S  (for  the  case  of  100%  coverage).  This 
stopping  criterion  will  also  tell  us  how  many  base  stations 
are  required  to  achieve  that  coverage. 

4.  COMPUTATIONAL  LOAD 

As  we  have  mentioned  earlier,  the  actual  number  of  base 
stations  that  will  be  needed  to  provide  the  desired  coverage 
is  not  known,  a-priori.  Hence,  die  algorithm  proceeds 
stage  by  stage,  at  each  stage  evaluating  the  maximum 
coverage  achieved.  As  soon  as  the  desired  coverage  (which 
is  usually  100%)  is  obtained,  the  algorithm  halts.  Thus,  the 
computational  load  of  the  algorithm  is  a  function  of  the 
total  number  of  base  stations  diat  are  actually  deployed. 

The  total  number  of  base  station  that  would  be  required  to 
provide  coverage  depends  upon  tiiree  factors: 

(i)  The  link  budget:  This  accounts  for  the  total  path 
loss  from  the  transmitter  to  the  receiver.  The  link 
budget  will  actually  determine  die  extent  of  the 
boundaries  of  the  cell.  The  path  loss  depends 
upon  the  environment  (dense-urban,  urban  or 
rural)  where  the  wireless  service  is  being  provided 
as  well  as  several  otiier  factors. 

(ii)  The  capacity  requirements:  This  depends  on  the 
user  density  and  the  user  traffic  (erlangs/user). 
Places  with  high  user  density  coupled  with  high 
traffic  would  require  a  large  number  of  base 
stations  than  dictated  by  the  link  budget  [6], 


(iii)  Interference:  The  maximum  allowable  co¬ 
channel  interference  may  limit  the  coverage 
and  hence  the  total  number  of  base  stations 
required  in  interference  limited,  high  capacity 
systems. 

Let  die  total  number  of  grid  points  spanning  the  area 
to  be  covered  be  m  (as  mentioned  earlier).  Let  the 
average  number  of  grid  points  illuminated  by  a  base 
station  be  me.  The  value  of  mc  depends  on  the  actual 
position  of  the  tall  buildings  near  the  base  station 
(besides  other  factors  such  as  the  terrain,  foliage  etc.), 
and  is  a  statistical  parameter.  The  average  number  of 
look-ups,  comparisons,  union  operations  and  the 
memory  requirements  for  placing  N  base  stations  are 
given  in  Table  1. 

Once  a  specified  coverage  area  is  fixed  and  the 
resolution  of  the  grid  points  is  decided,  the  parameter 
m  gets  fixed.  Also,  die  cell  radius  (which  depends  on 
the  transmitter  power,  receiver  sensitivity  and  the  type 
and  density  of  buildings,  terrain  and  foliage) 
determines  the  value  of  mc.  It  can  be  seen  from  Table 
1  tiiat  the  total  number  of  look-ups  reach  a  maximum 
value  for  N  =  (m/mc).  Similarly,  the  number 
comparison  peaks  for  N  =  (m/mc).  It  can  be  intuitively 
seen  that  if  a  base  station  covers  n^  grid  points  on  an 
average,  then,  we  would  require  ( m/mc )  base  stations  to 
cover  all  m  grid  locations.  Tlius,  it  can  be  inferred  tiiat 
die  computational  load  (look-ups,  comparisons  and 
union  operations)  grow  as  aN  - ) 3N 2  for  fixed  values  of 
m  and  mc.  Also,  it  can  be  observed  that  the  increase  in 
computational  load  while  going  from  =  7  to  N  =  8  is 
much  larger  than  going  from  N  =  8  to  N  =  9.  Thus, 
there  is  diminishing  increase  in  the  computational  load 
with  increasing  N. 


Table  1.  Computational  load  and  memory 
requirements  for  placing  N  base  stations. 


Computational 

load/Memory 

requirement 

No.  of  operations  required 

Look-ups 

mN  -  m/f(N+l)/2 

Comparisons 

m(m-])N  -  mmcN(NJr l)/2 

Unions 

m2N-mmcN(N+ 1  )/2 

Memory  required 

m2N+m  (m-mJN(N + 1)/2- 
mm,N(N+l)(2N+l)/6 

5.  SIMULATION  RESULTS 

Some  basic  simulations  were  performed  to  test  the 
computational  load  of  the  algorithm.  The  coverage 
provided  by  a  base  station  has  been  modeled  as  a 
random  variable.  The  extent  of  the  coverage  is 
determined  by  the  transmit  power.  Assuming  path  loss 
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and  receiver  sensitivity  remain  fixed,  we  have  varied  the 
transmitter  power  (which  would  result  in  a  smaller  of  N ) 
and  plotted  the  computational  load  in  Figure  2.  In  order  to 
put  things  in  perspective,  we  have  also  varied  the  number 
of  grid  resolution)  and  observed  its  effect  on  the 
computational  load. 
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Figure  3.  Linear  relationship  between  the  number  of 
grid  points,  m,  and  the  number  of  base  stations,  N. 


Figure  2.  Computational  complexity  as  a  function  of 
transmit  power  and  the  no.  of  grid  points. 


From  another  set  of  simulations  it  was  observed  that  the 
total  number  of  base  stations  required  (AO  increases  almost 
linearly  with  m  as  expected  (see  Figure  3).  Substituting  N 
=  km  (k  being  the  constant  of  proportionality),  we  observe 
from  Table  1  that  the  computational  load  grows  as  m3.  This 
is  corroborated  by  Figure  4. 

6.  DISCUSSION 

For  reducing  costs,  it  is  important  to  determine  the 
optimal  locations  for  placing  base  stations  so  as  to  obtain 
maximum  coverage  using  minimum  number  of  base 
stations.  The  determination  of  coverage  by  a  certain  base 
station  depends  upon  various  environmental  variables,  such 
as,  the  nearby  building  heights  and  locations  (besides  the 
transmitter  power,  the  receiver  sensitivity,  multipath  fading 
etc.).  We  have  proposed  an  algorithm  that  determines 
where  to  optimally  place  the  base  stations.  It  also 
determines  what  is  the  minimum  number  of  base  stations 
required  to  provide  the  desired  coverage.  In  the  latter  part 
of  the  paper  we  have  discussed  the  computational  load  of 
the  algorithm.  The  number  of  look-ups,  comparisons  and 
union  operations  have  been  considered,  and  their  variation 
with  respect  to  transmitted  power  and  the  total  number  of 
grid  points  have  been  analyzed. 


Figure  4.  Variation  of  the  number  of  floating  point 
operations  with  the  number  of  grid  points,  m. 
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Resulting  from  their  power  rating,  circuit  topology 
and  discontinuous  operation  resistance  welding 
machines  show  intensive  mains  current  distortions 
and  electromagnetic  emissions.  Considering  the 
most  important  resistance  welding  machine  types 
several  aspects  regarding  these  disturbances  and 
relevant  influencing  factors  are  discussed. 


1.  INTRODUCTION 

Due  to  its  versatility  and  effectiveness  resis¬ 
tance  welding  has  become  one  of  the  most  impor¬ 
tant  joining  processes  in  engineering.  It  is  widely 
used  by  means  of  welding  robots  incorporated  into 
highly  automated  production  processes  and  manu¬ 
ally  operated  machines  as  well.  The  energy  re¬ 
quired  by  the  welding  process  is  provided  and  con¬ 
trolled  by  specific  high-current  power  sources. 
Power  rating  covers  the  range  of  up  to  approxi¬ 
mately  2.5  MVA  at  welding  currents  of  up  to  about 
350  kA.  Most  of  resistance  welding  processes  e.g. 
spot,  projection  and  butt  welding  are  carried  out 
discontinuously.  Thus,  the  operation  of  resistance 
welding  machines  results  in  remarkable  surge 
loads  of  the  power  network  which  may  cause  vol¬ 
tage  fluctuations  and  flicker.  In  addition  voltage 
distortions  occur  depending  on  the  specific  mains 
current  distortions  of  the  applied  power  source 
type. 

Furthermore,  resistance  welding  machines 
proved  to  be  a  serious  source  of  electromagnetic 
emissions  (EME).  The  current  aim  to  create  an 
EMC  product  standard  for  these  machines  illus¬ 
trates  the  importance  of  regulations  in  this  field.  As 
long  as  the  existing  draft  for  prEN  50240  [1]  is  not 
declared  to  be  a  valid  standard,  the  regulations  and 
limits  of  the  generic  standards  concerning  electro¬ 
magnetic  emission  and  immunity  (mainly  for  indus¬ 
trial  environment  [2],  [3])  have  to  be  considered 
also  in  the  field  of  resistance  welding  machines. 
After  coming  into  force  of  the  product  standard  for 
resistance  welding  equipment  it  will  prevail  over 
generic  standards. 


2.  MAINS  CURRENT  DISTORTIONS 

The  types  of  power  electronic  converters  mostly 
used  in  resistance  welding  machines  are  a.c.  cur¬ 
rent  regulators,  three-phase  d.c.  current  regulators 
and  inverters.  In  case  of  a.c.  current  regulator  re¬ 
sistance  welding  machines  the  frequency  spectrum 
of  mains  current  represents  an  uninterrupted  series 
of  odd  harmonics.  In  contrast,  following  the  laws  of 
mains  current  harmonics  [4]  the  mains  current 
spectra  of  three-phase  d.c.  current  regulator  and 
inverter  machines  show  distinct  amplitudes  of  the 
harmonic  numbers  5;  7;  11;  13;  17;  19;  etc.  In 
these  power  sources  the  included  mains  frequency 
operated  rectifier  modules  determine  the  order  of 
the  harmonic  components  in  the  spectrum  of  mains 
current.  Whereas  the  orders  of  the  occurring  har¬ 
monic  currents  thus  can  be  predicted,  the  amounts 
of  their  amplitudes  depend  on  output  current  ad¬ 
justment,  present  process  load,  circuit  details  and 
further  aspects.  Therefore  the  amplitudes  cannot 
easily  be  calculated  by  means  of  power  electronic 
theory. 

The  implementation  of  different  resistance 
weldments  necessitates  an  adaptation  of  welding 
current  to  the  technological  requirements.  There¬ 
fore,  in  terms  of  power  quality  the  interrelation  bet¬ 
ween  output  current  adjustment  and  mains  current 
distortion  is  of  great  importance.  Here,  the  men¬ 
tioned  resistance  welding  machine  types  show  a 
similar  behavior,  in  case  of  all  types  an  increase  of 
output  current  results  in  a  growing  absolute  value 
of  most  of  the  harmonics  whereas  their  share  of 
mains  current  rms  value  decreases  because  of  the 
stronger  increase  of  the  share  of  the  fundamental 
frequency.  Therefore,  the  total  harmonic  distortion 
(THD)  of  the  mains  current  decreases  with  an  in¬ 
creasing  output  current  (fig.  1). 

Since  the  interrelation  between  output  current 
adjustment  and  mains  current  distortion  had  been 
analyzed  using  a  short  circuit  load  of  the  machines 
the  differences  in  mains  current  wave  form  and 
harmonics  between  short  circuit  load  and  welding 
process  load  had  to  be  investigated.  The  compari¬ 
son  was  made  for  the  a.c.  current  regulator  resis- 
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tance  welding  machine  and  the  inverter  machine 
using  output  current  values  chosen  by  typical 
welding  applications. 


Fig.  1  Mains  current  THD  of  resistance  welding 
machines  versus  output  current  referring  to 
maximum  short  circuit  output  current  of  each 
machine 

In  case  of  the  a.c.  machine  relatively  low  diffe¬ 
rences  concerning  mains  current  occur  between 
short  circuit  and  welding  at  the  same  output  current 
value.  This  might  be  caused  by  the  a.c.  output 
circuit  with  its  reactance  reducing  the  influence  of  a 
load  resistance  alteration.  The  mains  current  wave 
form  during  welding  process  load 
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number  of  harmonics 

Fig.  2  Comparison  between  mains  current  of  an 
a.c.  current  regulator  machine  during  wel¬ 
ding  and  under  short  circuit  load 


shows  a  little  lower  amplitude  and  a  slightly  longer 
duration  of  current  flow  resulting  in  a  slightly  lower 
distortion  compared  to  short  circuit  load  (fig.  2). 

In  case  of  the  inverter  machine  the  mains  cur¬ 
rent  rms  value  during  welding  is  always  higher  than 
during  short  circuit  load  at  the  same  output  current 
value.  Here  the  load  resistance  alteration  has  a 
greater  influence  on  the  mains  current  since, 
caused  by  the  output  rectification  the  influence  of 
output  circuit  reactance  is  negligible.  Determined 
by  the  three-phase  diode-bridge  mains  rectifier  with 
smoothing  capacitor  the  power  factor  of  the  in¬ 
verter  power  source  is  near  1.  Resulting  from  the 
longer  duration  of  current  flow  referring  to  the 
mains  frequency  period  the  mains  current  distortion 
during  welding  decreases  compared  to  short  circuit 
load  (fig.  3). 
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Fig.  3  Comparison  between  mains  current  of  an 
inverter  machine  during  welding  and  under 
short  circuit  load 


In  detail  the  actual  mains  current  wave  form  of 
an  inverter  power  source  is  influenced  by  the 
amount  of  the  d.c.-link  smoothing  capacitance. 
This  interrelation  has  been  investigated  by  means 
of  simulation  (fig.  4).Considering  idealized  condi¬ 
tions  (no  power  supply  network  impedance)  the 
mains  current  distortion  decreases  generally  with  a 
reduction  of  the  d.c.-link  capacitance.  Under  realis¬ 
tic  conditions,  depending  on  the  amounts  of  power 
supply  network  impedance  and  output  current  ad¬ 
justment  of  the  inverter  the  opposite  interrelation 
exists  in  a  certain  range. 
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d.c.-link  smoothing  capacitance  I  pF 

Fig.  4  Mains  current  THD  of  a  resistance  welding 
inverter  versus  amount  of  the  d.c.-link 
smoothing  capacitance,  power  supply  net¬ 
work  impedance:  R  =  1 ,5  m£2,  L  =  50  /yH, 
inverter  output  current  lout  =  10  kA 


3.  SPECIFIC  ASPECTS  OF  EME 
MEASUREMENTS 

To  prove  compliance  with  the  EMC  standards 
emission  and  susceptibility  tests  of  the  relevant 
devices  have  to  be  carried  out.  For  manufacturers 
of  resistance  welding  machines  the  question  of  test 
effort  is  of  special  importance  because  these  ma¬ 
chines  represent  exceptional  DUTs.  The  suscepti¬ 
bility  aspects  are  regarded  as  relatively  uncritical. 
However,  concerning  electromagnetic  emissions 
several  specific  aspects  have  to  be  considered  [5]. 

So,  for  conducted  emission  measurements  the 
noise  voltages  should  be  coupled  out  by  means  of 
a  voltage  probe  instead  of  a  LISN  to  maintain  a 
sufficiently  high  short-circuit  capacity  of  the  sup¬ 
plying  power  system  as  it  is  required  by  resistance 
welding  machines. 

In  contrast  to  most  DUTs  resistance  welding 
machines  work  in  an  intermittent  way.  Thus,  for 
emission  measurements  the  measuring  cycle  of 
the  EMI  receiver  has  to  be  synchronized  with  the 
load  cycle  of  the  machine.  In  this  way  during  one 
single  welding  time  one  frequency  range  of  the 
disturbance  spectrum  is  evaluated.  Using  this  pro¬ 
cedure  the  total  measuring  time  for  one  operational 
parameter  setting  amounts  up  to  approximately 
2.5  h. 

Concerning  the  evaluation  of  disturbances  the 
peak  evaluation  should  be  preferred  because  using 
a  quasi-peak  or  average  evaluation  the  resulting 
spectra  depend  on  the  duration  of  the  off-period 
within  the  duty  cycle  of  the  machines. 

These  measuring  conditions  have  been  consi¬ 
dered  concerning  the  investigations  described  in 
the  following  section. 

Furthermore  time  domain  measurements  of 
conducted  emissions  using  digital  storage  oscillo¬ 
scopes  can  be  taken  into  account  [6].  In  resistance 
welding  machines  the  disturbance  spectra  are  cal¬ 


culated  by  means  of  FFT  based  on  the  registration 
of  one  single  on-period  of  the  machine.  In  practice 
the  validity  of  the  resulting  spectra  is  limited  in  the 
frequency  range. 


4.  CHARACTERISTIC  SPECTRA 

As  a  supposition  for  limitation  measures  concer¬ 
ning  the  electromagnetic  emissions  of  resistance 
welding  machines  the  noise  levels  and  existing 
dependencies  have  to  be  investigated.  In  [5]  as  an 
example  spectra  of  conducted  and  radiated  distur¬ 
bances  of  one  single  resistance  welding  inverter 
had  been  shown.  Based  on  an  extended  scope  of 
machines  some  characteristics  of  each  resistance 
welding  machine  type  can  be  stated  now.  So,  for 
instance  resistance  welding  inverters  show  a  rela¬ 
tively  high  noise  level  still  in  the  upper  frequency 
range  of  conducted  emissions,  because  of  the 
switching  mode  operation  and  the  dynamic  be¬ 
havior  of  the  applied  power  semiconductors. 


Fig.  5  Conducted  emissions  of  a.c.  current  regula¬ 
tor  resistance  welding  machines 


frequency  /  Hz 

Fig.  6  Conducted  emissions  of  inverter  resistance 
welding  machines 


Whereas  remarkably  high  noise  voltage  varia¬ 
tions  are  typical  for  a.c.  current  regulator  (fig.  5) 
and  inverter  (fig.  6)  resistance  welding  machines, 
three-phase  d.c.  current  regulator  machines  (fig.  7) 
show  a  relatively  steady  behavior. 
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the  period  of  the  oscillation  in  the  interference  vol¬ 
tage. 
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Fig.  7  Conducted  emissions  of  three-phase  d.c. 
current  regulator  resistance  welding  ma¬ 
chines 

Due  to  the  phase-control  of  an  a.c.  current 
regulator  resistance  welding  machine  the  con¬ 
ducted  emissions  of  this  machine  type  depend  in  a 
higher  degree  on  the  amount  of  mains  voltage  at 
the  time  of  switching  of  the  thyristor  than  on  the 
level  of  output  current. 
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Fig.  8  Noise  voltage  time  domain  analysis 

A  time  domain  analysis  of  the  noise  voltage 
coupled  out  at  the  mains  connection  (fig.  8)  de¬ 
monstrates  the  interrelation  to  the  switching  opera¬ 
tion  of  the  applied  power  semiconductors  (example 
lOOkVA  a.c.  current  regulator  resistance  welding 
machine).  The  peak  in  the  noise  voltage  spectrum 
of  this  machine  (fig.  5)  at  about  580  kHz  refers  to 


In  fig.  9  typical  spectra  of  radiated  emissions  of 
an  inverter  machine  and  a  three-phase  d.c.  current 
regulator  machine  are  presented.  Evaluating  the 
spectra  it  has  to  be  considered  that  at  frequencies 
in  the  region  of  90  MHz  and  within  the  range  from 
930  up  to  960  MHz  a  very  high  basic  noise  level 
appeared.  Almost  in  the  complete  frequency  range 
the  inverter  machine  shows  higher  noise  levels 
than  the  three-phase  d.c.  current  regulator  ma¬ 
chine  although  the  output  current  of  the  inverter 
machine  is  much  lower.  As  well  as  in  the  field  of 
conducted  emissions  this  might  be  caused  by  the 
fast  switching  behavior  of  power  semiconductors 
used  in  inverter  topologies.  In  the  main,  typical 
noise  levels  of  radiated  emissions  of  a.c.  current 
regulator  resistance  welding  machines  are  between 
the  noise  levels  of  inverters  and  three-phase  d.c. 
current  regulators. 


Fig.  9  Radiated  emissions  of  resistance  welding 
machines,  measuring  distance  3  m 


5.  CONCLUSIONS 

All  of  the  investigated  resistance  welding  ma¬ 
chine  types  show  specific  features  concerning  the 
considered  disturbances.  For  the  most  part  the 
resistance  welding  inverter  generates  the  highest 
interference  levels  regarding  conducted  and  radi¬ 
ated  emissions  and  mains  current  distortions  as 
well.  Existing  evident  interrelations  between  voltage 
wave  forms  of  internal  parameters  of  the  power 
source  topologies,  emitted  noise  voltage  in  time 
domain  and  the  related  spectrum  can  be  used  to 
localize  internal  sources  of  disturbances  within  the 
circuit  topologies  and  to  investigate  appropriate 
remedial  measures. 
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ABSTRACT 

This  paper  deals  with  characterisation  of  radiated  and 
conducted  interference  in  air-insulated  high  voltage 
substations.  The  sources  of  Electromagnetic 
Interference  (EMI)  studied  are:  the  switching  operation 
of  circuit  breaking  equipment  and  the  power  frequency 
electromagnetic  fields.  The  research  interests  of  this 
study  are  the  characterisation  of  these  phenomena  with 
their  electrical  properties  and  the  theoretical 
interpretation  of  the  conditions  that  cause  their 
occurrence.  Two  different  air  insulated  substations  have 
been  chosen  for  the  investigation  of  the  electromagnetic 
interference  effects.  A  special  transient  recording 
system  has  been  developed  and  installed  in  the 
substation  for  constant  measurement  and  data 
collection.  The  research  work  includes  a  number  of 
measurements  and  tests  performed  in  the  substations  in 
the  Melbourne  metropolitan  area  and  at  the  High 
Voltage  Laboratory  of  RMIT  University,  Melbourne, 
Australia.  The  results  of  the  complete  research  activity 
show  that  the  radiated  interference  as  transient 
electromagnetic  wave  propagates  in  broadband 
frequency  spectrum  (100  MHz).  The  amplitude  of 
transient  event  compared  to  the  power  frequency 
electromagnetic  field  can  be  more  than  two  times  higher 
than  the  power  frequency  steady  state  electromagnetic 
field.  Electromagnetic  fields  can  couple  energy  in 
monitoring  equipment  and  secondary  low  voltage 
wiring  installed  in  a  switchyard.  Based  on  the  results  of 
the  investigation  and  the  associated  data  analyses 
practical  solutions  related  to  on-site  measurement  of 
EMI  are  proposed.  Also,  laboratory-testing  procedures 
for  substation  control  and  protection  equipment  are 
addressed.  Additionally,  this  work  suggests  the  possible 
EMC  measures  for  protecting  substation  control  and 
protection  equipment  of  potentially  dangerous  EMI. 

Key  words:  Electromagnetic  Compatibility  -  Electric 
Transients  -  High  Voltage  Substations 


1.  INTRODUCTION 

The  environment  in  a  high  voltage  substation  and 
the  areas  housing  its  low  voltage  protection  and  control 
equipment  are  'polluted'  by  operations  of  high  voltage 
components.  Control  and  protection  equipment  utilizing 
electronic  and  digital  circuits  are  potentially  susceptible 
to  this  high  level  electromagnetic  interference. 
Electromagnetic  compatibility  (EMC)  of  such 
equipment  can  only  be  guaranteed  when  two  main 
factors  are  determined:  EMI  characterisation  of  the  site 
of  installation  and  the  Interference  Immunity  of  the 
equipment. 

During  its  operation  under  normal  steady  state 
conditions,  the  substation  as  a  complete  system  is  a 
source  of  electric  and  magnetic  field  radiation.  Opening 
and  closing  of  switches  or  disconnects  cause  radiated 
and  conducted  interference  in  a  form  of  transient 
electromagnetic  fields  and  transient  voltages  and 
currents  in  a  system.  The  research  interests  of  this  study 
are  the  characterisation  of  these  phenomena  with  their 
electrical  properties  and  the  theoretical  interpretation  of 
the  conditions  that  cause  their  occurrence.  Once  the 
substation  interference  phenomena  are  characterised  and 
explained,  the  results  of  characterisation  can  be  used  to 
design  the  proper  testing  procedures  for  the  substation's 
electronic  equipment  and  to  validate  analytical  models. 
Additionally,  the  characterisation  can  be  used  as  the 
basis  for  electromagnetically  compatible  design  of  the 
same  equipment  that  has  to  be  installed  in  the 
substation's  environment. 

Two  different  air  insulated  substations  have  been 
chosen  for  the  investigation  of  the  electromagnetic 
interference  effects.  A  special  transient  recording 
system  has  been  developed  and  installed  in  the 
substation  for  constant  measurement  and  data 
collection. 
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The  research  work  includes  measurements  and  tests 
performed  in  substations  in  the  Melbourne  metropolitan 
area  as  well  as  at  the  High  voltage  Laboratory  of  RMIT 
University. 

All  the  collected  data  have  been  processed, 
analysed  and  compared  with  simulated  models  and  the 
results  obtained  and  published  by  other  researchers. 

2.  MAGNETIC  FIELD  MEASUREMENTS 

The  experimental  system  for  transient  magnetic  field 
measurements  installed  in  the  66  kV  switchyard  of  the 
500/220/66  kV  substation  is  shown  in  Figure  1.  The 
system  consists  of  the  magnetic  field  sensor,  fiber  optic 
data  transmission  and  the  data  acquisition,  The  66  kV 
oil  circuit  breaker  connects  the  50  MVAR  capacitor 
bank  to  and  disconnects  it  from  the  66  kV  network.  The 
oil  circuit  breaker  (1600  A,  2500  MV  A)  is  connected 
via  the  series  reactor  (1852  kVAr)  to  the  capacitor  bank. 
The  switching  operations  of  the  breaker  create  current 
transients  that  generate  transient  magnetic  fields  in  the 
vicinity  of  the  breaker  and  the  66  kV  bus-bar.  The 
measurements  of  the  magnetic  fields  were  taken  at  the 
ground  level  and  at  the  distance  of  10  meters  from  the 
breaker.  The  loop-antenna  designed  according  to  [1] 
was  placed  in  parallel  position  to  the  66  kV  bus. 


5  kHz  to  3  MHz.  They  are  caused  mainly  by  the 
external  capacitances  of  the,  insulators  at  each  side  of 
the  breaker.  This  measurement  was  taken  at  the 
distance  of  about  10  meters  from  the  breaker.  However, 
the  components  of  much  higher  frequencies  (up  to  40 
MHz)  can  be  expected  during  the  operation  of  the  oil 
circuit  breaker  in  the  very  close  proximity  to  the  breaker 
[4,  5].  All  the  waveforms  measured  in  this  work 
generally  correspond  to  the  expected  transient  current 
waveforms.  However,  it  has  to  be  taken  into  account 
that  the  magnetic  field  measured  at  a  certain  location 
over  any  interval  of  time  may  be  a  result  of  the 
superposition  of  three  transients  launched  by  the 
transient  current  of  each  phase. 


Fig.  2  Magnetic  field  due  to  the  closing  operation  of  the 
circuit  breaker. 


installed  in  the  switchyard  (not  to  scale). 

A  typical  waveform  obtained  by  using  this  system  is 
shown  in  Figure  2.  It  presents  the  horizontal  component 
of  the  transient  magnetic  field  that  occurs  during  the 
energization  of  the  capacitor  bank  by  the  oil  circuit 
breaker.  The  captured  waveform  consists  of  pulse 
shaped  transients  occurred  during  the  first  500  ps  of  the 
closing  operation.  The  first  single  transient  is  produced 
by  the  occurrence  of  the  first  pre  arcing  (pre  striking) 
between  the  breaker's  contacts,  'fl-le  amplitudes  of  the 
succeeding  transients  are  lower  as  the  distance  between 
the  contacts  is  decreasing.  The  frequency  spectrum  of 
the  magnetic  field  waveform  is  in  the  range  of  2  kHz  up 
to  3  MHz.  Due  to  the  insensitivity  of  the  sensor  at  low 
frequency  components  (50-1000  Hz)  of  the  magnetic 
field  the  recorded  transient  contains  only  components  of 


3.  ELECTRIC  FIELD  MEASUREMENTS 

The  experimental  system  for  transient  electric  field 
measurements  in  the  66kVswitchyard  of  the  500/220/66 
kV  substation  is  shown  in  Figure  3.  The  system  consists 
of  the  electric  field  probes,  fibre  optic  data  transmission 
and  the  data  acquisition.  The  short  bus  sections  with  the 
circuit  breaker  open  at  the  end  is  to  be  connected  to  the 
network  and  the  energized  source  side  corresponding  to 
Figure  '  ).  The  66  kV  disconnect  switch  is  hook-stick 
operated. 


GROUND 


Fig.  3  Electric  field  transient  measurement  system 
installed  in  the  switchyard  (not  to  scale). 
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The  electric  field  measurements  were  obtained  by 
using  Haefely  E-field  testing  system  during  the 
operation  of  the  disconnect  switch  (opening  and 
closing).  The  electric  field  probes  are  spherical 
potential  free  field  sensors  designed  according  to  [3]. 
They  were  placed  high  above  the  ground  level 
according  to  Fig.  3. 


Fig.4:  Electric  field  waveforms  due  to  opening 
operation  of  disconnect  switch.  Vertical  scale:  upper 
trace  (12.5  kV/m)  /  div,  lower  trace  (25  kV/m)  /  div. 


Fig.4  shows  the  electric  field  transient  waveform 
measured  close  to  the  disconnect  switch:  supply  side 
(upper  trace),  load  side  (lower  trace)  during  the  opening 
operation.  The  typical  step  shaped  electric  field 
waveform  of  the  load  side  contact  (open  ended  bus 
section)  is  corresponding  to  the  expected  transient 
voltage  waveforms  as  it  has  been  reported  [2]. 

The  amplitudes  of  the  sparking  transients  increase 
and  the  time  step  between  consecutive  sparking  events 
increases  as  the  switch  starts  opening.  The  magnitude 
of  the  electric  field  strength  close  to  the  switch  (about  3 
m)  was  about  60  kV/m  according  to  Figure  4  (lower 
trace).  The  obtained  frequency  of  a  single  transient 
event  was  about  I  0  MHz  and  the  rise  time  of  20ns. 

The  electric  field  transient  waforms  correspond  well 
with  the  measurements  conducted  in  the  laboratory  as 
well  as  with  the  results  of  modelling  using  PSPICE 
simulation  software.  Electric  field  transients  as  high  as  3 
p.u.  were  recorded.  The  magnitude  of  the  transient  field 
strength  close  to  the  disconnect  switch  (about  2  m)  were 
about  60  kV/m.  It  has  t  be  taken  into  account  that  not  all 
sparking  transients  could  have  been  captured  since  with 
the  sampling  rate  applied  of  1  MHz/sample  some 
transients  could  have  been  missed  during  acquisition. 
However,  when  higher  sampling  rate  was  applied  it  was 
possible  to  capture  single  striking  events  as  well.  Fig.  5 
shows  a  record  of  a  such  single  striking  transient.  The 
frequency  recorded  for  this  event  is  about  10  MHz  and 
the  rise  time  is  approximately  20  ns.  The  maximum 


field  intensity  was  about  80  kV/m. 


miM  50.0mV  250ns 

Fig.  5:  Electric  Field  Transient  recorded  during  opening 
of  disconnect  switch,  Single  Sparking  event.  Vertical 
scale:  (31.25  kV/m)/div;  horizontal  scale:  250  ns/div. 


4.  CONCLUSIONS 

The  results  of  the  complete  research  activity  show 
that  the  radiated  interference  as  transient 
electromagnetic  wave  propagates  in  broadband 
frequency  spectrum  (100  MHz).  The  amplitude  of 
transient  event  compared  to  the  power  frequency 
electromagnetic  field  can  be  more  than  two  times  higher 
than  the  power  frequency  steady  state  electromagnetic 
field.  Electromagnetic  fields  can  couple  energy  in 
monitoring  equipment  and  secondary  low  voltage 
wiring  installed  in  a  switchyard.  The  energy  coupled  in 
secondary  wiring  propagates  through  cables  to  control 
and  protection  equipment  in  a  control  building.  If  the 
amount  of  the  coupled  energy  is  above  the  immunity 
threshold  of  equipment,  this  finally  results  in 
malfunction  or  false  operation  of  the  protection  and 
control  circuits.  It  means  the  equipment  for  protection 
and  control  placed  in  a  switchyard  or  inside  a  control 
building  has  to  be  tested  prior  to  installation  in  a 
substation. 

Disconnect  switch  transients  can  be  a  serious  hazard  for 
substations.  Slow  moving  contacts  during  opening  and 
closing  operations  can  produce  thousands  of  transients 
or  arcing  events  that  can  last  up  to  several  seconds. 
Transient  electric  fields  of  order  of  several  tens  kV/m 
with  frequency  of  several  MI-TZ  during  the  operation  of 
a  disconnect  switch  have  to  be  expected. 

The  circuit  breaker  transients  are  characterized  as 
far  less  hazardous  than  those  produced  by  operation  of 
disconnect  switch.  However  in  some  applications,  like 
in  the  one  presented  in  this  work  (capacitor  bank 
switching),  they  are  switched  quite  frequently. 
Transient  magnetic  fields  of  the  order  of  at  least  several 
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tens  of  A/m  can  be  expected  during  the  energization  of 
the  capacitor-bank. 

In  order  to  avoid  malfunction,  substation's 
electronic  equipment  has  to  be  tested  before  installation 
in  substations  and  protected  against  the  coupling  of 
these  transients  in  substations.  The  results  of  EMI 
measurements  of  this  work  can  be  used  for  the  design  of 
more  practical  testing  procedures. 

The  transient  monitoring  system  developed  in  this 
research  work  proved  to  be  reliable  and,  most 
importantly,  much  cheaper  than  the  commercially 
available  systems  that  are  developed  primarily  for 
laboratory  word  and  testing. 

Further  work  is  currently  underway  to  improve  the 
performance  of  the  transient  monitoring  system.  Also, 
further  investigations  are  being  undertaken  for 
monitoring  of  conducted  and  coupled  transients  into  the 
auxiliary  systems  of  high  voltage  substations.  This 
includes  the  influence  and  configuration  of  the  earthing 
systems. 

EMI  measurements  in  high  voltage  substations  can 
be  expensive  and  to  some  extent  cumbersome.  The 
installation  of  the  measuring  equipment  in  the 
substation  needs  extra  time  for  preparations  and  co¬ 
ordination  with  the  relevant  utility  administering  the 
substation.  In  this  respect  future  work  on  analytical 
models  that  simulate  solutions  for  more  complex 
structures  would  reduce  the  cost  of  implementing 
practical  transients  monitoring  systems  in  high  voltage 
substations. 
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Abstract 

With  the  cessation  of  the  German  Telekom's  monop¬ 
oly  significant  changes  are  taking  place  in  the  field  of 
fixed  network  telecommunications.  In  this  context  fast 
communication  links  over  the  so-called  „  last  mile  “  are 
of  major  interest.  The  electrical  power  distribution  grid 
could  turn  out  to  be  an  ideal  alternative  for  existing 
standard  communication  links.  Numerous  experiments 
and  theoretical  investigations  have  demonstrated,  that 
power  lines  generally  exhibit  the  physical  properties  for 
rates  up  to  several  Mbits/s. 

Based  on  these  encouraging  results,  the  vision  of  the 
INTERNET  access  via  the  standard  wall-plug  was  born 
in  industry  and  strongly  supported  by  major  utilities. 
Most  of  the  frequency  band  of  interest,  however,  is  al¬ 
ready  in  use  for  different  kinds  of  wireless  services,  such 
as  broadcasting,  amateur  radio  or  air  traffic  control. 
Although  PLC  is  intended  to  be  wire-bound,  a  certain 
impact  on  wireless  services  seems  inevitable,  because 
power  distribution  networks  are  electromagnetically 
open.  This  could  invoke  different  EMC  problems,  which 
have  to  be  carefully  analyzed  and  avoided  by  appropri¬ 
ate  measures.  Currently  the  preparation  of  regulations 
is  under  way,  defining  portions  of  the  spectrum  between 
1.. ,30MHz,  which  could  be  opened  for  PLC.  Further¬ 
more  allowable  levels  of  the  radiated  fields  have  to  be 
defined,  including  the  corresponding  measuring  proce¬ 
dures. 

This  paper  outlines  the  possibilities  and  limitations 
of  high  speed  PLC,  providing  EMC  with  existing  serv¬ 
ices.  Towards  this  aim,  broadband  modulation  schemes 
as  well  as  measures  of  network  conditioning  are  consid¬ 
ered.  The  latter  will  reduce  possible  antenna  effects  of 
the  power  supply  wiring  system  and  suppress  common 
mode  signal  propagation. 

1  Introduction 

Most  European  power  supply  utilities  (PSU)  are 
owners  of  long-distance  high-speed  communication 
links  in  form  of  optical  fibers  along  the  high  and  me¬ 


dium  tension  lines.  Until  1998,  due  to  existing  monopo¬ 
lies,  this  capacity  could  only  be  partially  exploited. 
Although  data  transmission  over  energy  distribution 
networks  has  been  playing  a  role  for  quite  a  long  time, 
systems  operating  beyond  the  frequency  range  of 
150kHz,  have  not  been  taken  into  account  in  Europe  in 
the  past.  Also  the  current  use  is  still  limited  to  data  rates 
of  several  kilobits  per  second  for  low  level  applications 
such  as  tariff  switching  or  remote  meter  reading.  Re¬ 
search  results,  however,  clearly  indicate  that  the  fre¬ 
quency  range  up  to  30  MHz  -  and  even  beyond  at 
building  installations  -  offers  various  opportunities  for 
high  speed  telecommunication  [1],  Generally  this  field 
can  be  subdivided  into  telephony  (i.e.  speech  transmis¬ 
sion)  and  pure  data  transmission.  The  latter  is  of  major 
interest  for  European  power  distribution  systems,  e.g. 
for  fast  INTERNET  access.  In  developing  countries  stan¬ 
dard  telephone  and  digital  services  over  power  lines 
could  be  a  very  attractive  alternative  against  a  separate 
additional  telecom  wiring  system. 

The  „data  rate  per  user"  requirements,  the  demand  of 
real-time  capability,  and  the  allowable  channel  bit  error 
rate  considerably  differ  for  the  mentioned  applications. 
Telephony,  for  example,  needs  a  relatively  low  but  con¬ 
stant  data  rate  for  each  user,  while  the  average  duration 
of  a  telephone  call  is  small  compared  with  typical  data 
transmission  connections.  For  speech  transmission,  the 
source  coded  bit  stream  can  be  subdivided  into  more 
and  less  significant  bits.  Since  transmission  errors  hit¬ 
ting  significant  bits  of  the  data  stream  would  cause  se¬ 
vere  disruptions,  these  portions  have  to  be  carefully 
channel  coded.  This  way  acceptable  quality  can  be 
maintained  e.g.  at  bit  error  rates  as  high  as  10'3.  On  the 
other  hand  speech  transmission  demands  real  time  capa¬ 
bility.  A  repetition  of  lost  data  packets  is  not  possible. 
Short  disruptions,  however,  can  easily  be  bridged  almost 
unnoticeably  for  the  user,  e.g.  by  muting  or  by  interpo¬ 
lation.  Longer  disruptions,  however,  in  the  range  of 
seconds,  are  intolerable. 

Pure  data  transmission  has  different  requirements. 
E.g.  for  INTERNET  access,  the  amount  of  data  to  be 
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transmitted  during  a  session  may  be  moderate  most  of 
the  time.  Sometimes,  however,  peaks  may  occur,  e.g.  for 
the  download  of  software,  sound  or  image  files.  There¬ 
fore  a  fixed,  equally  distributed  assignment  of  the  chan¬ 
nel  capacity  cannot  be  recommended.  A  flexible  as¬ 
signment,  distributing  the  capacity  depending  individu¬ 
ally  on  the  user’s  current  demands  appears  sensible.  A 
growing  number  of  users  will  of  course  increase  the 
probability  of  simultaneous  demands  for  high  data  rates, 
but  no  general  limitation  for  the  number  of  users  must 
be  provided.  Also  for  pure  data  transmission  a  low  bit 
error  rate  is  desirable.  Lost  or  corrupted  data  packets, 
however,  can  be  easily  repeated  as  transmission  is  based 
on  packet-oriented  protocols  (TCP/IP). 

Although  today  the  PSUs  are  able  to  use  their  net¬ 
works  for  various  telecommunication  services  without 
restrictions,  the  local  loop  fixed  network  access  is  still 
widely  provided  over  standard  copper  wires  owned  by 
the  former  monopolists.  Establishing  true  competition 
calls  for  a  fast  exploitation  of  the  possibilities  lying  in 
the  power  distribution  network.  However,  there  are 
considerable  differences  in  topology,  structure  and 
physical  properties  in  comparison  with  conventional 
media,  such  as  twisted  pair  and  coaxial  cables  or  fiber 
optic  networks. 

Due  to  the  required  data  rates  above  1  Mbit/s  the 
frequency  range  up  to  30  MHz  must  be  considered.  For 
the  design  of  appropriate  systems  and  for  network  plan¬ 
ning,  detailed  models  of  the  transfer  characteristics  as 
well  as  of  the  interference  scenario  are  required.  During 
the  past  most  investigations  of  power  line  channel  prop¬ 
erties  concentrated  on  the  frequency  range  below  150 
kHz  [2].  Only  recently  papers  were  published,  dealing 
with  the  MHz  range  [3].  Some  of  them  are  exclusively 
focused  on  indoor  power  line  channels  [4], 

With  powerline  communications  new  broadband 
services  will  be  operating  in  a  network,  which  generally 
consists  of  unshielded  and  heterogeneous  cable  types. 
While  transmitting  signals  at  high  frequencies  over  un¬ 
shielded  cables,  such  a  wiring  system  may  operate  as  an 
antenna  and  emit  considerable  radiation  due  to  the  lack 
of  symmetry.  Electromagnetic  interference  (EMI)  with 
wireless  services  operating  in  the  same  frequency  range 
may  occur.  Currently  radiation  out  of  the  mains  network 
is  subject  of  new  regulation  initiatives  [5].  In  the  fol¬ 
lowing  various  EMC  problems  and  solutions  are  dis¬ 
cussed  in  detail,  including  the  major  efforts  towards 
regulation  and  standardization. 

2  EMC  Problems  and  Solutions 

PLC  can  be  denoted  as  a  new  broadband  service  us¬ 
ing  the  wide-spread  mains  network,  which  generally  is 
an  unshielded  and  heterogeneous  wiring  system.  In  the 
outdoor  environment  PLC  will  be  established  in  the 
frequency  range  from  1MHz  to  about  10MHz  and  for 
indoor  use  in  the  frequency  range  between  10MHz  and 
30MHz  seems  to  be  appropriate.  While  transmitting 
signals  at  these  frequencies  over  unshielded  cables, 


radiation  will  occur  due  to  the  lack  of  symmetry.  Elec¬ 
tromagnetic  interference  (EMI)  with  wireless  services 
operating  in  the  same  frequency  range  seems  inevitable. 
Therefore  frequency  allocation  and  radiation  from  the 
mains  network  is  currently  subject  of  regulation. 


Fig.  1:  Level  limit  proposals  for  the  electrical  field  E 


In  Fig.  1  a  proposal  from  the  German  regulatory 
authority  (RegTP)  is  depicted  which  was  published  in  a 
draft  paper  in  January  1999.  The  curve  Fig.  1  proposes 
the  limits  of  the  allowable  electric  field  strength  E  at  a 
distance  of  3m  from  the  network  under  test.  By  these 
limitations  not  only  PLC  is  concerned,  but  every  kind  of 
wire-bound  data  transmission,  including  e.g.  cable  TV, 
telephone  as  well  as  computer  local  area  networks. 

The  draft  paper  initiated  a  series  of  controversial  de¬ 
bates,  so  that  a  time  span  until  summer  2001  was  set  for 
amendments  and  corrections.  Besides  the  rather  hard 
level  limitations,  the  most  critical  statement  of  the  paper 
is,  that  frequency  bands  assigned  to  wireless  security 
services  must  not  be  used  on  cables,  independent  of  the 
level  of  possible  radiation.  Concerning  the  definition  of 
those  wireless  security  services,  it  should  be  noted,  that 
no  details  about  the  exact  allocation  of  the  frequency 
bands  to  be  protected  have  been  published.  The  conse¬ 
quences  of  such  kind  of  regulation  would  be  dramatic 
economic  impairments.  The  radiation  from  any  data 
transmission  cable  would  finally  have  to  be  brought 
down  to  the  level  of  the  atmospheric  background  noise, 
which  can  be  as  low  as  -40dB|iV/m  in  certain  frequency 
ranges.  (Note  that  standard  measuring  equipment  is 
hardly  able  to  capture  levels  down  to  OdBpV/m.) 

For  cable  TV  suppliers  fulfilling  the  requirements 
would  only  be  possible  by  shutting  down  the  so-called 
special  channels,  which  in  Germany  provide  about  1/3 
of  the  total  TV  programs.  Economically  this  would 
mean  a  damage  in  the  order  of  15-20  billion  Euros.  The 
special  channels  have  been  used  for  decades  without 
major  EMC  problems.  Dangerous  situations  affecting 
e.g.  health  or  causing  damage  to  property  were  never 
reported. 

Furthermore,  fulfilling  the  above  requirements  would 
call  for  checking  each  data  transmission  network,  in¬ 
cluding  every  computer  local  area  network  or  the  tele¬ 
phone  wiring  for  possible  radiation  -  even  if  the  radia- 
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tion  levels  might  be  below  the  sensitivity  limits  of  stan¬ 
dard  measuring  equipment.  Finally,  in  consequence  the 
deactivation  of  numerous  services  would  be  necessary 
on  the  one  hand,  and  on  the  other  various  new  and  inno¬ 
vative  possibilities  would  be  canceled  in  the  stage  of 
their  introduction,  including  ASDL.  So,  hopefully 
amendments  and  corrections  of  the  draft  paper  will  soon 
lead  to  more  sensible  approaches. 

Towards  this  aim  cooperation  of  the  regulatory 
authorities  with  industry,  utilities  and  research  institu¬ 
tions  for  compromises  is  paramount.  The  so-called 
„power  line  community"  did  an  important  first  step  by 
setting  up  a  ..regulation  initiative".  For  manufacturers  of 
PLC  equipment  it  is  important  to  be  aware  of  usable 
frequency  bands,  as  well  as  of  the  upper  limits  of  radia¬ 
tion,  while  defining  the  voltage  levels  on  the  lines  which 
are  necessary  for  reliable  communication.  So  first  of  all 
it  is  necessary  to  find  unused  portions  of  the  spectrum, 
i.e.  frequency  bands  which  are  currently  not  occupied  by 
wireless  services. 

In  cooperation  with  RegTP  the  overview  given  in 
Fig.  2  was  obtained.  In  summary  the  gaps  add  up  to 
about  7.5MHz,  but  the  crucial  point  is,  that  the  usable 
bandwidth  is  heavily  segmented.  No  larger  contiguous 
portions  are  available.  This  fact  will  of  course  impose 
significant  restrictions  on  the  choice  of  signaling  and 
modulation  schemes. 

H§]  fixed  radio  service 
I  |  broadcasting 
f  I  amateur  radio 
illi  nautical  radio 
■I  mobile  radio 


frequency  in  MHz 

Fie.  2:  Service  allocation  and  possible  gaps  for  PLC  in 
the  spectrum  up  to  30MHz 

So  it  will  e.g.  be  impossible  to  apply  broadband  sin¬ 
gle-carrier  approaches.  Multi-carrier  modulation  in  form 
of  OFDM,  however,  has  turned  out  to  be  an  ideal  candi¬ 
date  for  the  exploitation  of  the  spectral  resources  [6], 

As  already  stated,  for  PLC  equipment  manufacturers 
it  will  be  important  to  have  clear  and  easy  to  measure 
limits  of  the  voltage  to  fed  into  the  power  lines.  Regula¬ 
tion,  however,  must  not  care  for  this  voltage,  but  the 
possible  radiation.  In  order  to  bridge  this  gap,  a  so- 
called  „mains  decoupling  factor"  similar  to  a  definition 
in  CISPR/A  [7]  is  introduced.  In  contrast  to  CISPR/A, 
however,  here  the  field  strength  is  measured  instead  of 
the  antenna  terminal  voltage  -  see  Fig  3.  This  offers  the 


possibility  to  express  the  radiated  field  independent  of 
the  injected  voltage. 


Fig.  3:  Radiation  measurement  using  an  H-field  probe 


The  newly  defined  decoupling  factor  K(f,d)  must  be 
determined  for  each  configuration  separately,  e.g.  for 
each  a  cable  or  substation.  Once  the  decoupling  factor  of 
a  certain  geometry  is  known,  it  is  possible  to  calculate 
the  radiated  fields  for  arbitrarily  signals.  Such  results 
also  offer  the  possibility  to  compare  measurements  for 
different  signals.  Thus,  the  decoupling  factor  will  turn 
out  to  be  an  important  figure  for  the  future  development 
of  PLC.  It  can  be  regarded  as  a  transfer  function  be¬ 
tween  the  communication  signals  on  the  lines  as  input 
and  the  unintendedly  radiated  field  as  an  output.  The 
decoupling  factor  summarizes  the  impact  of  all  parame¬ 
ters,  which  influence  this  transfer  function.  For  deter¬ 
mining  K(f,d)  a  sinusoidal  continuous  wave  signal  is 
injected  symmetrically  into  the  power  line  wiring.  The 
signal  generator  is  swept  over  a  certain  frequency,  in¬ 
terval  and  the  radiated  field  is  measured  with  an  H-field 
loop  antenna.  According  to  EMC  standards  for  the  fre¬ 
quency  range  below  30MHz,  this  kind  of  loop  antenna 
has  to  be  used.  During  the  sweep,  the  H-field  amplitudes 
are  determined.  When  measurements  with  a  H-field  loop 
antenna  according  to  Fig.  3  are  performed,  exclusively 
magnetic  fields  are  captured.  The  associated  electrical 
field  strength  can  be  calculated  by  multiplying  the  mag¬ 
netic  field  strength  with  the  characteristic  impedance 
Zh=377£2  of  the  free  space,  i.e. 

E  =  ZhH  (1) 

Eq.  (1)  is  correct  only  under  far-field  conditions,  i.e.  if 
the  E-  and  H-field  components  are  orthogonal  and  no 
components  in  the  direction  of  propagation  exist.  If 
results  form  (1)  are  acquired  under  near-field  conditions 
they  can  nevertheless  be  useful  for  comparative  investi¬ 
gations,  and  finally  even  for  the  definition  of  limits  for 
radiation.  It  must  be  noted,  however,  that  an  electrical 
field  strength  due  to  radiation  from  PLC  determined  this 
way  cannot  be  compared  with  the  field  strength  of  a 
broadcasting  station  measured  at  the  same  place. 

Under  the  assumption,  that  for  reliable  PLC  a  certain 
transmission  level  VL  (in  volts)  is  necessary  on  the 
power  line,  the  question  is,  which  electrical  field 
strength  E  (in  volts/meter)  results  from  that  at  a  certain 
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distance.  The  answer  is  everything  but  simple,  because 
E  substantially  depends  on  the  network  structure,  the 
way  of  signal  coupling  and  various  environmental  con¬ 
ditions  within  a  building,  such  as  the  presence  of  large 
metal  parts. 

Although  Fig.  3  sketches  the  problem  somewhat 
simplified,  important  basic  statements  can  be  made 
nevertheless.  From  various  published  results  [8]  and 
own  measurements  a  rough  estimation  of  the  value  of 
the  decoupling  factor  K(f,d)  is  possible:  For  networks 
without  conditioning,  K(f,d)  is  in  range  of  10'3/m.  I.e. 
for  a  transmission  level  VL=1V  on  the  line  (unmodulated 
carrier)  there  is  approximately  an  electrical  field 
strength  of  E=lmV/m  (=  60dB|iV/m)  at  a  distance  of 
3m.  In  order  to  estimate,  which  values  of  the  electrical 
field  strength  are  to  be  expected  from  real  PLC  signals, 
the  following  example  considered: 

The  carrier  amplitude  is  assumed  to  be  IV.  For 
analysis  a  resistance  of  lLt  is  chosen,  which  allows 
simplified  calculations,  however,  without  affecting  the 
general  validity  of  the  results.  With  this  notation  the 
total  transmitted  power  is  Ptot=l/ -Jl  V2.  For  a  data  rate 
of  2Mbits/s  and  BPSK*  modulation  the  transmitted 
power  is  approximately  distributed  over  a  frequency 
band  of  4MHz.  The  distribution  is  in  fact  not  even  over 
this  frequency  range.  For  conciseness,  however,  the 
details  are  neglected  here.  Then  we  have  the  power 
spectral  density  of  the  transmitted  signal: 


Ss(f)  "^MHz~  17’67  10'8  Hz 


(2) 


Applying  the  measuring  standard  with  a  9kHz  band-pass 
filter,  only  the  portion  of  power  which  falls  into  this 
bandwidth  is  received,  i.e. 


P9  =  Ss(f)  •  9kHz  =1,59' 1(T3V2  (3) 


P9  corresponds  to  a  line  voltage  VL=47mV.  In  case  of  a 
network  without  conditioning,  the  radiated  field  ex¬ 
pected  from  such  a  voltage  can  now  be  estimated  by  the 
decoupling  factor  defined  above:  For  K(f,d)=10‘3,  we 
have 


Ee=K-Vl=  10'3-4710‘3V/m  =  33dBpV/m  (4) 

This  result  is  obviously  very  close  to  the  limits  depicted 
in  Fig.  1  and  clearly  indicates  the  feasibility  of  high 
speed  PLC  even  under  severe  restrictions.  In  addition, 
however,  the  decoupling  factor  can  be  substantially 
lowered  by  network  conditioning  measures,  which  in¬ 
troduce  a  higher  degree  of  symmetry.  For  reduced  signal 
radiation  the  following  actions  seem  to  be  suitable: 

-  symmetrical  signal  coupling 

-  insertion  of  HF  barriers  to  prevent  PLC  signals  from 
propagating  into  unwanted  directions 

-  network  conditioning  for  common  mode  rejection 


*  binary  phase  shift  keying 


When  the  PLC  signals  are  symmetrically  fed  into  the 
cable  of  interest,  and  at  the  same  time  also  propagation 
is  kept  in  differential  mode  along  the  cable,  EMC  prob¬ 
lems  will  not  occur,  even  for  long  distance  transmission, 
i.e.  over  several  hundred  meters.  In  any  case  it  makes 
sense  to  consider  conditioning  measures  both  for  the 
transformer  station  and  the  house  connection. 

transformer  station 


cross-bar  system 


Fig.  4:  Network  conditioning  at  the  transformer  station 

As  Fig.  4  shows,  an  inductor  for  HF  attenuation  is  in¬ 
serted  into  the  two  conductors  which  have  been  selected 
to  carry  the  PLC  signals.  The  capacitors  at  the  cross-bar 
system  will  shorten  the  remainder  of  the  HF  energy 
which  eventually  passes  the  inductors.  Applying  this 
kind  of  conditioning  to  each  of  the  supply  cables  will 
put  two  barriers  between  the  cables,  yielding  a  high 
degree  of  decoupling.  Also  for  the  opposite  direction 
this  kind  of  conditioning  will  be  advantageous,  because 
received  broadcast  signals,  for  which  mainly  the  cross¬ 
bar  system  has  an  antenna  function,  are  kept  away  from 
the  cable.  The  impedance  of  the  output  stage  of  a  mo¬ 
dem  can  now  be  matched  to  the  characteristic  imped¬ 
ance  of  the  cable  by  means  of  a  balun. 

The  construction  of  the  inductors,  however,  turns  out 
to  be  a  severe  challenge,  although  an  inductance  of  less 
than  lOpH  is  generally  sufficient.  Since  they  have  to 
carry  the  full  current  load,  which  may  exceed  some 
hundred  amperes,  the  use  of  magnetic  materials  is 
problematic  due  to  saturation.  Solutions  in  form  core¬ 
less  coils  will  normally  fail  because  of  the  necessary 
size.  Appropriate  core  materials  and  constructions  are 
currently  tested  by  the  author’s  research  group  in  close 
cooperation  with  industry  and  PSUs.  As  soon  as  accept¬ 
able  solutions  for  transformer  stations  are  found,  it  will 
be  easy  to  apply  them  in  simplified  form  at  the  house 
connections,  because  here,  due  to  the  lower  current 
loads  the  coils  can  be  built  substantially  smaller.  How¬ 
ever,  in  order  not  to  obstruct  indoor  PLC  applications, 
additional  inductors  in  each  phase  and  the  neutral  con¬ 
ductor  are  necessary  behind  the  capacitors.  Also  here  the 
modem  output  impedance  can  be  matched  to  the  supply 
cable’s  characteristic  impedance.  Fig.  5  describes  a 
perfect  termination  point  which  makes  the  behavior  of 
the  outdoor  network  stable  and  reliable,  i.e.  independent 
of  the  customer’s  indoor  activities,  which  is  an  essential 
prerequisite  for  a  service  provider. 
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Unfortunately  the  above  results  cannot  be  transferred  to 
the  indoor  network.  High  speed  PLC  within  buildings 
will  remain  a  severe  EMC  challenge,  because  there  are 
no  possibilities  for  conditioning.  Both  isolation  and 

house  connection 


Fig.  5:  Conditioning  the  house  connection 

symmetrical,  differential  mode  signaling  are  unfeasible 
to  a  great  extent.  Strong  coupling  between  the  signal 
voltage  VL  on  the  line  and  the  radiated  field  must  gener¬ 
ally  be  taken  into  account,  i.e.  the  decoupling  factor 
K(f,d)  may  take  on  values  larger  than  10'3/m.  An  ad¬ 
vantage  within  buildings,  however,  are  the  relatively 
small  distances  which  have  to  be  bridged.  So  transmis¬ 
sion  levels  can  normally  be  chosen  much  lower  than  for 
outdoor  applications.  Capturing  and  evaluating  interfer¬ 
ence  effects,  however,  turns  out  to  be  very  difficult. 
Indoor  field  measurements  appear  not  very  sensible,  as 
usual  procedures  are  hardly  applicable.  They  prescribe  a 
measuring  distance  of  3m  from  the  mains  wiring,  which 
normally  cannot  be  kept.  Furthermore  measurements  at 
such  a  short  distance  will  not  capture  true  radiated 
fields,  because  inductive  and  capacitive  coupling  effects 
superimpose  the  results.  For  true  field  measurements  a 
distance  of  at  least  one  wavelength  is  required,  i.e.  300m 
for  1MHz  or  15m  for  20MHz.  For  smaller  distance  a 
reasonable  interpretation  of  the  results  is  impossible. 
Especially  a  comparison  with  the  field  strength  of  an 
incoming  broadcast  station  would  be  absolutely  mis¬ 
leading.  So  true  field  measurements  will  make  sense 
only  outside  of  buildings. 

3  Conclusions 

From  a  realistic  point  of  view  no  general  electro¬ 
magnetic  disaster  must  feared  through  extended  appli¬ 
cation  of  PLC.  The  necessary  transmission  levels  for 
reliable  PLC  will  not  considerably  enhance  the  prob¬ 
ability  of  disturbance.  A  realistic  estimation  of  today’s 
electromagnetic  pollution  situation  before  the  introduc¬ 
tion  of  PLC  clearly  reveals  that  the  reception  of  weak 
AM  broadcast  stations  in  the  medium  and  HF  frequency 
bands  is  practically  impossible  in  most  residential 
buildings,  not  to  mention  industrial  environments.  This 
is  due  to  various  interference  caused  by  the  operation  of 
electrical  and  electronic  devices,  such  as  light  dimmers, 
CD  players,  personal  computers  etc.  Through  PLC  the 
situation  should  not  become  significantly  worse,  how¬ 
ever.  As  guideline  for  acceptable  AM  quality  in  the 


medium-wave  band,  a  field  strength  of  60dBpV/m  can 
be  assumed.  If  radiation  from  PLC  always  remains  ap¬ 
proximately  20dB  below  this  value,  no  critical  impair¬ 
ments  will  arise.  The  example  given  above  has  demon¬ 
strated  that  27dB  are  achievable  even  with  a  rather  sim¬ 
ple  modulation  scheme. 

Experimental  and  theoretical  investigations  clearly  re¬ 
vealed,  that  the  power  distribution  grid  exhibits  channel 
capacities  beyond  lOOMbits/s.  So  data  rates  exceeding 
several  megabits  per  second  are  very  realistic.  PLC 
system  concepts  are  currently  centering  around  the 
multi-carrier  signaling  scheme  OFDM.  A  first  system 
generation  successfully  indicated  the  feasibility  of  this 
approach.  The  second  system  generation  is  under  devel¬ 
opment  and  expected  to  be  in  operation  by  the  end  of 
the  year  2000,  while  research  institutions  are  already 
thinking  about  the  next  generation  with  enhanced  per¬ 
formance  concerning  data  rate  and  spectral  efficiency, 
with  modulation  schemes  such  as  QAM. 
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Abstract 

The  utilisation  of  power  lines  for  the  transmission  of 
signals  superimposed  on  the  mains  voltage  has 
been  already  proposed  around  1895.  In  course  of 
time,  with  the  progress  of  the  technology,  systems 
have  been  developed  with  increasing  sophistication 
and  increasing  performances.  The  last  step  of  this 
evolution  is  the  present  development  of  systems  in 
the  radio  frequency  range  1  to  30  MHz  with  data 
rates  of  1  or  more  Mbits  per  second  and  new 
applications.  Aim  of  the  paper  is  to  summarise  the 
characteristics  of  the  previous  and  of  the  new 
systems  in  order  to  compare  their  performances 
and  their  fields  of  application.  Attention  will  be  given 
to  the  Electromagnetic  Compatibility  issues  as  a 
main  concern  with  regard  to  the  new  systems  is 
related  to  disturbances  of  the  Radio  Services  by  the 
radiation  of  the  signals  on  the  power  lines. 


1*  Short  history  of  the  mains  signalling 
systems 

First  a  terminological  remark:  All  the  systems  using 
the  power  lines  for  the  transmission  of  signals  are 
embraced  under  the  generic  term  “mains 
signalling".  The  systems  operating  in  the  Low 
Frequency  (Hz)  range  (see  3.1)  are  called  “Ripple 
Control  Systems",  the  systems  operating  in  the 
Medium  Frequency  (kHz)  range  (see  3.2)  were 
called  PLC  systems  whereby  PLC  means  “  Power 
line  Carrier",  the  new  systems  using  the  High 
Frequency  (MHz)  range  (see  3.3)  are  also  called  - 
in  fact  unfortunately  -  PLC  systems  but  the 
acronym  means  here  “Power  line  Communication”. 
Confusion  should  be  avoided. 

The  idea  to  use  also  the  power  network  for  the 
transmission  of  signals  appeared  for  the  first  time 
by  the  end  of  the  19th  century  when  two  French 


engineers  took  1899  a  patent  on  this  invention.  A 
practical  application  of  the  idea  started  in  the  20th 
with  a  French  multifrequency  Ripple  Control 
System  but  a  real  expansion  of  this  techniques 
took  place  after  1950  .  Ripple  Control  enjoyed  a 
good  success  and  became  and  is  still  now  a  normal 
network  equipment.  There  are  several  thousand 
emitters  and  probably  ca  30  to  40  Mio  receivers 
installed.  Ripple  control  systems  are  one  way 
systems.  In  the  70th  several  attempts  were  made 
with  PLC(carrier)  systems  in  the  kHz  range,  up  to 
ca  150  kHz  for  two  ways  systems  but  with  a  quite 
limited  success.  A  new  start  began  in  the  90th  with 
PLC  (communication)  systems  in  the  MHz  range  for 
new  applications  and  new  technologies.  It  is  still  in 
course  of  development 


2.  Main  features  and  requirements  to  “Mains 
signalling  systems” 

When  developing  or  operating  a  mains  signalling 

system  it  is  necessary  to  have  a  clear  idea  of  the 

requirements  to  its  functions  and  its  characteristics. 

The  following  list  of  topics  may  be  considered  in  the 

evaluation  of  the  systems; 

Technical  features: 

-  Frequency  band  and  transmission  frequency 
(transmission  characteristics  and  disturbances) 

-  Signal  characteristics:  (type  of  signal  :  long  or 
short  pulses,  spread  spectrum,  marking,...) 

-  Network  structure  and  network  characteristics 

(lines,  loads . ) 

-  Perturbation  of  the  signals  and  reliability  of  the 
signal  transmission 

-  Mutual  influences  of  neighbouring  systems, 

-  EMC  issues:  perturbation  of  other  network  items 
perturbation  of  the  Radio  services 
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Applications: 

-  Coding  of  the  orders 

-  for  Utilities:  load  control,  remote  meter  reading, 

network  control . newly  data  or  voice 

transmission 

-  for  the  Users  in  Home/Building  installations  e.g. 
load  control,  switching  operations,  newly  data  or 
voice  transmission 


3.  Characteristics  of  the  various  systems 

In  this  chapter  it  will  be  tried  to  characterise  the 

different  types  of  systems  in  order  to  allow  a 

systematic  comparison 

3. 1.  Low  frequency  systems  ( Ripple  Control ) 

Technical  features: 

-  Single  frequency  systems 

-  Frequency  in  the  band  110  to  725  Hz  (earlier  up 
to  3000  Hz)  -  Frequencies  between  the 
Harmonics 

-  Very  good  signal  transmission  ,  possible  over 
three  voltage  levels  -  only  problem:  large 
capacitor  banks 

-  Therefore  signal  injection  possible  on  the  High, 

Medium  ;  Low  Voltage  level  (220  KV . 20  KV, 

0,4  KV). 

-  Therefore  relatively  high  signal  level:  emission  2 
to  5  %  of  Un,  receivers  0,5%  of  Un 

-  Therefore  quite  high  rating  of  the  signal  injection 
equipment 

-  But  centralised  installation  of  the  whole  system 
and  centralised  control  makes  system  operation 
simple 

-  Impulse  internal  coding,  quite  slow  but 
acceptable  for  the  relevant  applications 

-  EMC: 

effects  of  Ripple  Control  on  other  network  items, 
nowadays  no  disturbances 
effects  on  the  Ripple  Control  receivers:  influence 
of  the  harmonics  of  the  mains  voltage  -  is 
avoided  by  a  narrow  filter  curve  and  the  relatively 
high  response  level 

Applications: 

-  Only  one  way  systems 

-  Applications:  load  control  of  domestic  and 
industrial  consumers  (heating),  tariff  control  of 
the  electricity  meters,  network  control  (network 
switches,  capacitor  banks,...) 

-  Different  types  of  receivers  ,  from  simple 
receivers  to  receivers  with  build  in  intelligence 
Centralised  control  of  the  whole  network 


3.2.  Medium  Frequency  systems  (  Power  Line 
Carriers) 

Ripple  Control  systems  have  two  main 
disadvantages: 

-  the  quite  “  heavy"  emitters,  partly  due  to  the 
relatively  high  signal  level 

-  that  they  are  one  way  systems 

Considering  the  developments  of  the  field  of 
electronic,  in  the  techniques  of  signal  coding  and 
decoding,  it  has  been  tried  in  the  60th  and  70th  - 
particularly  in  the  US  -  to  develop  for  utilities  new 
systems  which  avoid  these  disadvantages. 

Different  signal  coding  methods  have  been 
proposed  :spread  spectrum,  frequency  hopping, 
also  shifting  of  the  zero  crossing  of  the  power 
frequency  voltage  or  current,  marks  on  the  mains 
voltages  and  others.  The  low  emitter  power  allows 
also  to  have  small  systems  for  private  installations 

Some  main  features: 

-  Frequency  in  the  band  9  kHz  to  148,5  kHz 
(subdivided  in  several  subbands  :  from  9  to  95 
kHz  for  Utilities,  from  95  tol 48,5kHz  for  private 
installations) 

-  Due  to  the  higher  frequency  or  the  short  pulses 
signal  transmission  quite  difficult,  only  on  two 
network  levels  MV  and  LV  but  in  both  directions. 

-  Low  signal  levels  -  in  the  range  of  0,1. .2  %.  Un 

-  Accordingly  low  emitter  rating 

-  For  utilities  “half  centralised  system  control  - 
telecontrol  of  the  substations  from  a  central 
dispatching 

-  Generally  quite  rapid  coding  of  the  orders 

-  EMC: 

effects  of  the  network  disturbances  on  the 
tranceiver  devices,  immunity  provided  by  an 
appropriate  response  level  of  the  input  circuit 
and  the  sophisticated  signal  coding 
effects  of  the  system  on  other  network  items:  no 
complains  seem  to  have  been  stated 
effects  on  Radio  services:  although  the  radiated 
field  exceed  the  radio  frequency  limits  and  there 
exist  several  important  Radio  Stations  in  this 
frequency  range,  also  no  complains  seem  to 
have  been  registered;  the  frequencies  of  these 
stations  shall  be  avoided 

Applications: 

-  like  for  Ripple  Control:  load  control  of  domestic 
and  industrial  consumers,  tariff  control,  network 
control,.. 

-  additionally  remote  meter  reading  should  be 
possible.  In  fact  this  application  to  our  knowledge 
has  been  seldom  implemented 

-  back  signalling  of  network  control  operations 
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4.  EMC  considerations 


3.3  High  Frequency  systems  (Power  Line 
Communication) 

These  fully  new  systems  are  now  in  course  of 
development  for  fully  new  applications.  Different 
technologies  seem  to  be  considered  but  no  detail 
characteristics  have  been  published.  The  main 
features  can  be  summarised  as  follows: 

Technical  features. 

-  Frequency  range  1  to  30  MHz 

-  Lower  frequencies  for  Utilities  (Outdoor);  Higher 
frequencies  for  Buildings  (Indoor) 

-  Intended  transmission  rate  at  least  1  Mbits  per 
sec,  possibly  more 

-  accordingly  broad  band  signals 

-  signal:  spread  spectrum  coding  or  frequency 
chimneys  (free  frequencies  according  ITU) 

-  signal  level:  ????  (depends  on  the  noise 
spectrum,  less  than  1  mV  ?) 

-  reliable  transmission  range  in  the  order  of  300m 
(cables  or  overhead  lines  ? ) 

-  therefore  transmission  only  on  one  network  level, 
primarily  on  the  LV  level  to  the  consumers, 

-  necessity  of  a  link  from  each  emitter  to  a  central 
control  station,  therefore  quite  complicated 
system  architecture 

-  EMC:  effects  on  other  network  items,  no 
information  available 

-  effects  of  conducted  network  disturbances  on  the 
system  devices,  no  information  available 

-  effects  of  radiated  fields  on  the  Radio  services: 
presently  a  great  concern,  see  chapter  4 

Applications 

-  the  promoters  of  these  systems  mention  load 
control,  tariff  control,  etc, ...for  Utilities  or  Building 
Automation  like  with  Ripple  Control  or  Power 
Line  Carrier  systems  but  this  does  not  seem  to 
be  the  main  advantage  of  these  systems. 

-  new  intended  applications  would  be  the 
transmission  of  data  like  with  Internet,  possibly 
voice  transmission, ...as  the  for  last  mile  for  Radio 
Telecom. 

-  another  application  would  be  the  transmission  of 
data  in  a  building  without  the  necessity  to  install 
a  special  wiring. 

PLC  communication  systems  are  in  course  of 
development.  Several  problems  have  to  be  solved: 

-  the  technical  solutions  to  assure  the  feasibility  of 
the  systems 

-  in  particular  the  coexistence  with  the  Radio 
services 

-  the  operational  aspects  of  the  geographically 
spread  system 

-  the  reliability 

-  the  economical  aspects 


The  EMC  problems  related  to  the  Ripple  Control 
Systems  and  the  PLC  carrier  systems  have  been 
already  solved  and  some  short  indications  have 
been  given  above  [1]. 

The  situation  is  still  subject  of  studies  and 
standardisation  for  the  PLC  systems  in  the  MHz 
range. 

Three  topics  have  to  be  examined: 

-  the  effects  of  the  linebound  PLC  signals  on  other 
network  devices  (no  information  is  yet  available) 

-  the  effects  of  the  network  disturbances  (noise) 
on  the  operation  of  the  PLC  devices  determinant 
together  with  the  signal  coding  method  for  the 
minimum  response  level  of  the  PLC  devices 

-  the  effects  of  radiated  fields  on  the  Radio 
services  presently  the  problem  giving  rise  to  the 
most  concern  determinant  for  the  maximum 
emission  level.[2,3,4,5] 

Figure  1  shows  a  proposal  for  the  limits  of  the 
radiated  fields  [6] 

Several  international  technical  bodies  are  studying 
the  problem  of  the  effects  on  the  Radio  Services: 
CEPT/ERC  (PLT),CISPR,/G,  ITU-R,  CENELEC  TC 
205A  and  SC  21 0A,  ETSI  EP  PLT,  IEC  TC  57. 
Final  recommendations  have  not  yet  been 
established  Also  national  bodies  study  the  problem 
[6]. 


Figure  1.  Proposals  for  the  limitation  of  the  radiated 
field  of  Powerline  Communication  Systems 
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5.  Final  remarks 

There  exist  different  kinds  of  “Mains  signalling 
systems"  and  the  question  arises  what  could  be  the 
future. 

Ripple  Control  in  the  low  frequency  range  -  below  1 
kHz,  one  way  -  is  a  successful  system  which 
belongs  to  the  normal  equipment  of  European  and 
industrial  overseas  Utilities. 

Power  line  carrier  systems  in  the  medium  frequency 
range  -  9  to  148,5  kHz,  two  ways  -  seem  to  have  a 
limited  success  for  Utilities.  On  the  other  hand  they 
are  appropriate  for  Buildings  and  House 
installations. 

Power  line  Communication  systems  in  the  radio 
frequency  range  -  1  to  30  MHz,  high  transmission 
rate  in  the  Mbits/s  range  -  offer  new  utilisations  of 
the  power  lines  e.g.  for  data  transmission.  They  are 
still  in  course  of  development  and  their  success  will 
depend  on  the  feasibility,  the  operational  aspects, 
their  reliability  and,  last  but  non  least,  on  the 
economical  aspects.  They  can  have  two  fields  of 
application:  Utilities  and  Buildings/House  systems 
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Digital  Power  Line  Communications  (PLC)  is  trying 
to  increase  the  speed  of  data  rates  into  the  Megabits  per 
seconds  range.  Therefore  the  short  wave  band  of  up  to 
30  MHz  will  be  transmitted  over  the  low  voltage  distri¬ 
bution  network.  The  recent  history  of  PLC  in  Germany 
together  with  the  standardization  and  measurement  pro¬ 
cedures  are  given.  Public  opinion  in  Germany  and  tech¬ 
nological  alternatives  to  PLC  like  ADSL  and  wireless 
communications  with  low  power  are  discussed.  Reasons 
for  the  removal  of  the  RegTP  field  trial  license,  based 
on  numerous  protests,  are  explained.  The  present  ap¬ 
proach  of  the  remaining  PLC  consortia  and  their  at¬ 
tempt  to  introduce  the  PLC  technology  nation  wide  is 
questionable. 

1.  INTRODUCTION 

Digital  power  line  communications,  e.g.  mains 
signaling  in  the  frequency  range  3  to  148.5  kHz  is  a  well 
recognized  procedure.  The  EMC  details  are  documented 
in  EN50065-1  1991  as  well  as  the  amendments  A1 
1992,  A2  1995  and  A3  1996.  The  German  equivalent  is 
DIN  EN50065-1  or  VDE  0808  part  1  November  1996, 
respectively.  This  standard  sets  among  others  the  limits 
for  the  injected  signal  level  into  the  230V/50Hz  power 
grid  for  the  various  applications,  e.g.  for  operating,  con¬ 
trolling  and  measuring,  in  particular  switching  of  the 
mains  signaling  receivers  for  low  tariff  heating  systems. 

The  most  prominent  PLC  activity  in  Europe  was 
started  about  3  years  ago  by  the  company  NOR. WEB. 
The  goal  is  to  transmit  data  over  a  broad  band  medium 
above  148.5  kHz  for  telecommunications  like  ISDN  and 
Internet.  According  to  Shannon's  information  theory 
several  Megabits  per  seconds  data  rate  require  corre¬ 
sponding  transmission  bandwidth  of  several  Megahertz 
and  therefore  corresponding  higher  carrier  frequencies. 
After  lengthy  considerations  and  pre-tests,  regionally 
limited  field  trials  were  conducted  in  the  U.K.  The  trans¬ 
mission  path  in  this  low  voltage  network  started  at  the 
power  transformer  all  the  way  down  to  the  distribution 
into  the  individual  homes,  where  the  signal  was  de¬ 
coupled.  The  preferred  operation  frequencies  were  3 


MHz  and  5  MHz.  The  integral  power  transmission  level 
was  below  1  Watt.  Using  the  standardized  EMC  receiver 
bandwidth  of  10  kHz,  according  to  CISPR  16  (150  kHz 
-  30  MHz),  this  results  in  approximately  0  dBm  or  -40 
dBm/Hz  respectively. 

Under  the  observation  of  the  radio  communication 
agency  in  London  the  close  monitoring  of  the  trials  was 
performed  to  explore  PLC  technology  in  general.  In 
parallel  this  called  for  the  development  of  a  new 
measurement  procedure  MPT1570  with  the  title:  Elec¬ 
tromagnetic  radiation  from  telecommunications  systems 
operating  over  material  substances  in  the  frequency 
range  9  kHz  to  300  MHz.  Measurements  are  executed  in 
peak  mode  using  a  magnetic  loop  and  applying  the  lim¬ 
its  of  the  electrical  field  strength: 

E  =  20  dB(pV/m)  -  7.7  logI0  (f  /  MHz)  (1) 

The  test  reality  revealed  excessive  emissions  above 
these  limits.  It  is  interesting  to  note,  that  in  contrast  to 
the  U.K.  emission  limits,  the  German  draft  of  the 
RegTP:  Measurement  procedure  322  MV  05  RegTP,  is 
relaxed  by  approximately  20  dB.  This  MV  05  covers 
telecommunication  lines  and  installations  in  the  frequen¬ 
cy  range  of  9  kHz  -  3  GHz,  using  3  Meter  measurement 
distance. 

Due  to  the  enormous  approval  difficulties  in  the  UK 
and  the  massive  protests  of  civil  and  military  frequency 
users  in  the  short  wave  range,  the  PLC  activity  was 
shifted  to  the  continent  and  Germany  in  particular. 

2.  PLC  IN  GERMANY 

At  the  end  of  1 997  several  consortia  were  formed  in 
the  German  PLC  arena.  NOR. WEB  tried  to  implement 
the  British  technology  in  Germany  under  Nortel  DASA. 
In  order  to  quickly  conduct  their  own  field  trials  with 
1  Mbit/s  in  Herrenberg  near  Stuttgart,  the  south  German 
utility  company  EnBW  /  Tesion  installed  the  U.K. 
technology  under  license  from  NOR. WEB.  BEWAG, 
the  Berlin  utility  company,  got  together  with  HEW 
Hamburg  and  GEW  Koln  to  develop  a  different 
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approach  namely  a  certain  spread  spectrum  technology, 
covering  the  total  short  wave  range.  This  led  to  a  patent 
claim  1997  and  the  granted  German  patent  DE  197  14 
386  Cl  in  1998.  Siemens  Germany  tried  to  develop  their 
own  solution  for  Internet  over  the  mains,  using  multi¬ 
channel,  multi-frequency  technology  with  bit  rates  be¬ 
low  1  Mbit/s.  The  west  German  RWE  teamed  up  with 
the  Swiss  Ascom  company  group  to  develop  and  estab¬ 
lish  a  PLC  system,  which  was  tested  near  Dusseldorf 
with  similar  data  rates  as  planned  by  Siemens.  At  the 
CEBIT  99  in  Hannover  this  voice  and  video  transmis¬ 
sion  system,  using  ISDN  interfaces,  was  shown  in  a  live 
presentation. 

All  the  above  mentioned  consortia  received  a  test  li¬ 
cense  by  the  RegTP  for  locally  and  temporary  restricted 
field  trials.  On  the  other  hand  the  RegTP  initiated  a 
round  table  to  deal  with  the  compatibility  in  telecommu¬ 
nications  (ATRT)  under  the  working  group  3  for  PLC. 
For  this  working  group  the  author  was  elected  as  chair¬ 
man  by  industry,  government  and  trade  associations  rep¬ 
resentatives  in  autumn  1998.  Mr.  Stecher  from  Rohde 
and  Schwarz  Milnchen  accepted  the  secretariat.  It  was 
the  main  goal  to  evaluate  the  new  PLC  technology  and 
use  this  input  to  drive  national  and  international  stan¬ 
dardization. 


3.  STATUS  AND  DEVELOPMENT  OF  STANDARDS 

PLC  technology  can  not  just  simply  be  categorized 
by  the  historically  grown  EMC  standards.  One  way  to 
look  at  it,  is  to  put  a  PLC  modem  into  the  frame  work  of 
the  EMC  act  (EMVG).  However,  what  is  going  to  hap¬ 
pen,  if  this  equipment  is  used  in  a  wide  spread  network. 
Moreover  the  power  distribution  grid  has  not  been  de¬ 
veloped  as  a  symmetrical  telecom  line.  The  proper  defi¬ 
nition,  in  telecom  terms,  of  the  media  is  almost 
impossible,  because  of  mismatches,  stubs,  switches, 
lighting,  outlets  etc.  Unshielded  symmetrical,  modem 
telecom  cables  have  a  minimum  of  35  dB  symmetry  at¬ 
tenuation  in  the  used  frequency  band.  In  the  low  voltage 
network  inside  buildings  this  value  could  be  anything  in¬ 
cluding  0  dB.  Therefor  common  mode  and  not  differen¬ 
tial  mode  is  mainly  producing  EMI.  The  equipment  is 
hardly  never  going  to  be  an  impedance  match.  Addition¬ 
ally  PVC  installation  cable  by  their  insulation  display 
much  more  path  loss  than  telecom  cables.  60  dB  over 
100  m  at  20  MHz  are  not  unusual.  Even  on  one  particu¬ 
lar  floor  there  is  a  lot  of  difference  in  attenuation,  be¬ 
cause  outlets  are  installed  in  various  locations,  using 
different  feeder  systems  of  various  phases  and  forming 
subs.  The  effective  PLC  signal  transmission  in  the  short 
wave  range  (3  MHz  to  30  MHz)  is  perturbed  by  the  le¬ 
gally  necessary  radio  interference  protection  of  the  RF1 
bypass  capacitors  in  the  line  filters  of  the  associated 
equipment.  These  capacitors  cause  RF  short  circuits.  For 
these  obvious  reasons  low  voltage  networks  have  not 
been  put  into  the  group  of  telecom  networks. 


On  the  other  hand  radio  transmitters  have  to  go 
through  national  approval.  This  has  not  changed  much 
with  the  introduction  of  TTE  and  R+TTE  directive  by 
the  EU,  because  frequency  spectrum  use  and  frequency 
allocation  have  historically  grown  differently  in  the  vari¬ 
ous  countries.  A  change  over  night  is  impossible,  har¬ 
monization  will  take  time.  It  is  also  worth  mentioning 
the  duty  of  the  national  telecom  authorities  to  ensure  a 
certain  transmission  quality  in  the  spectrum.  Conse¬ 
quently  this  leads  to  the  right  of  the  German  RegTP  to 
control  also  the  situation  below  30  MHz  along  conduc¬ 
tors,  maintaining  a  peaceful  coexistence  of  the  various 
services.  This  may  be,  among  others,  public  broadcast¬ 
ing,  security  services,  the  military,  secret  service  and 
amateur  radio.  That  is  the  coordination  under  the  Ger¬ 
man  frequency  management  plan,  which  is  in  it's  final 
draft  version  presently.  In  former  days  there  was  basical¬ 
ly  no  EMC  conflict  between  cable  systems  and  wireless 
applications.  Unfortunately  this  has  changed  a  lot  with 
the  introduction  of  cable  TV  systems  and  high  speed 
digital  signal  transmission.  In  spite  of  using  coaxial 
cables  in  the  TV  distribution  systems  there  is  a  lot  of 
shield  leakage,  based  on  technical  imperfections  and  ag¬ 
ing.  Catastrophic  emissions  in  the  aeronautical  security 
bands  are  jamming  Germany.  LANs  and  WANs  are 
growing  increasingly,  adding  to  this  critical  situation. 

The  German  telecommunication  act  (TKG  §45  part 
2)  regulates  the  use  of  frequencies  in  and  along  conduc¬ 
tors.  Their  is  not  much  of  a  choice  for  PLC  user.  They 
either  use  low  power  spread  spectrum  systems  with  lim¬ 
its  well  below  the  EMC  standards  for  ITE  or  apply  for  a 
national  approval  according  to  TKG,  if  they  intend  to 
use  high  power  systems. 

The  fight  over  the  last  mile  to  the  end  customer  in 
modern  deregulated  telecom  and  electricity  markets  re¬ 
quires  solutions  for  wide  spread  networks  on  harmo¬ 
nized  European  level.  This  is  presently  happening  under 
ETSI  and  CEPT/ERC,  standardizing  functional  and 
EMC  parameters  more  or  less  under  one  roof. 

An  important  EMC  compromise  has  been  reached  in 
CISPR  22  (EN55022  1998).  This  led  to  a  relaxation  for 
telecom  ports  under  class  B  of  about  10  dB  conducted 
common  mode  emission  between  6  and  30  MHz.  This 
is,  however,  a  temporary  solution,  which  may  have  to  be 
revised  within  the  next  3  years,  based  on  interference 
complains. 

The  German  standardization  subcommittee  DKE  UK 
676.17  has  founded  a  PLC  working  group  in  the  forth 
quarter  of  1999,  closely  cooperating  with  ATRT.  The 
DKE  represents  the  national  committee  of  Germany, 
dealing  with  ETSI,  CENELEC,  CISPR  and  IEC.  Of  par¬ 
ticular  importance  is  presently  CENELEC  TC  205A, 
spanning  the  frequency  range  from  3  kHz  to  30  MHz. 
Most  PLC  interested  parties  follow  the  high  power  ap¬ 
proach  with  subdivisions  in  various  unoccupied  short 
wave  windows  and  creating  a  product  specific  standard. 
This  attempt,  however,  is  problematic,  due  to  interna¬ 
tional  frequency  allocations  at  the  ITU  in  Geneva. 


109 


On  the  German  side  the  RegTP  under  the  ministry  of 
economic  affairs  has  issued  a  decree  NB  30  -  1 999.  This 
contains  the  following  3  m  limits: 

1.0.009  to  1  MHz 

40  dB(gV/m)  -  20  log10(f  /  MHz) 

2.  greater  1  MHz  to  30  MHz 

40  dB(pV/m)  -  8.8  log!0(f  /  MHz) 

3.  greater  30  MHz  to  1  GHz 

27  dB(|iV/m)  equivalent  to  an  effective 
radiated  power  20  dBpW 

4.  greater  1  GHz  to  3  GHz 

40  dB(pV/m)  equivalent  to  effective 
radiated  power  33  dBpW 

The  detailed  measurements  follows  the  procedure 
RegTP  322  MV  05. 


4.  PUBLIC'S  RESPONSE  AND  PLC 
ALTERNATIVES 

Shortly  before  CEBIT  99  the  consortium  RWE  As- 
com  announced  in  a  big  PR  campaign  a  fundamental 
breakthrough  in  PLC.  The  Ascom  stocks  rose  sharply. 
However,  PLC  technical  details  were  never  published.  It 
was  interesting  to  watch  the  reaction  of  the  other  consor¬ 
tia  in  immediately  launching  their  own  success  stories 
for  projects,  which  were  not  even  close  to  finish.  Putting 
the  pressure  on  the  consortia  in  ATRT,  clearly  demon¬ 
strated,  these  experts  were  not  in  the  position  or  willing 
to  speak  about  technical  details.  Even  the  presentation  of 
the  inventor  of  the  NOR. WEB  PLC,  Dr.  Brown  was 
only  partly  covering  technical  details.  How  can  one  stan¬ 
dardize  a  proprietary  black  box  PLC  technology?  It  be¬ 
came  finally  clear  by  walking  around  at  the  CEBIT  99, 
that  the  whole  PLC  show  was  marketing  driven.  Only 
RWE  Ascom  demonstrated  live.  This,  however,  was  not 
much  more  than  ISDN  quality.  The  show  was  accompa¬ 
nied  by  numerous  protests  of  short  wave  users.  The 
strongest  opponents  proved  to  be  the  RegTP  licensed  ra¬ 
dio  amateurs.  Their  club  (DARC)  with  more  than 
60,000  members  stated  correctly  PLC  to  be  a  lethal 
threat  to  the  amateur  radio  service.  This  was  demon¬ 
strated  in  various  PLC  field  trials. 

Security  services  like  police,  military  and  intelli¬ 
gence  service  (BND)  contradict  the  assumption  of  the 
PLC  activists,  regarding  the  existence  of  many  empty 
frequency  windows.  Naturally,  these  secret  windows  are 
not  publicly  listed,  while  at  the  same  time  radio  and  TV 
community  was  worried  about  potential  increase  of  the 
noise  floor  throughout  Germany.  It  was  emphasized,  that 
the  introduction  of  digital  broadcasting,  leading  to  less 
radiation  hazards,  will  only  work,  if  the  transmitter  pow¬ 
er  is  reduced  maintaining  the  same  background  noise. 
The  more  sophisticated  the  modulation  type,  the  higher 
the  signal  noise  ratio  has  to  be. 

The  prove  for  the  premature  push  of  PLC  into  the 
standardization  becomes  evident  by  analyzing  the  ma¬ 


jority  of  the  symposia,  dealing  with  PLC  at  that  time. 
Here  it  was  mostly  the  business  case  highlighted,  but  the 
technical  feasibility  not  to  mention  EMC  was  hardly  dis¬ 
cussed  in  detail.  Services  like  video  on  demand  super¬ 
fast  Internet  access  and  Internet  telephony  kept  the 
project  manager's  dreaming.  This  is  partly  supported  by 
the  observation  of  power  network  engineers,  starting  a 
new  telecommunication  career. 

In  the  mean  time  German  universities  started  Ph.D. 
PLC  work,  which  naturally  will  take  3  to  5  years. 

It  is  important,  however,  to  recognize,  there  are 
many  competing  technologies  of  either  conducted  or 
wireless  nature  outside  the  field  of  PLC.  There  is  tough 
competition  in  the  race  to  the  last  mile.  The  broad  band 
cable  TV  system  can  nowadays  offering  several  10 
Mbit/s  in  about  100  MHz  bandwidth  at  reasonable  price. 
Bi-directional  systems  with  the  corresponding  modems 
are  commercial  available  for  private  homes  with  charges 
similar  to  cellular  phones.  The  provider  Netcologne  is 
offering  52  Mbit/s  without  having  to  reserve  a  rented  ex¬ 
tra  line. 

The  German  Telekom  is  offering  ADSL  with  ap¬ 
proximately  1  Mbit/s  expanding  the  old  ISDN  capabili¬ 
ties.  This  technology  has  less  EMC  problems,  due  to  the 
symmetrical  nature  of  the  telecom  lines.  Fiber  optic 
links  are  well  known,  but  normally  too  costly  to  connect 
the  end  customer. 

Wireless  LANs  today  reach  1  to  10  Mbit/s  at  20 
dBm  (100  mW)  bridging  several  100  m  in  2.4  GHz  and 
5.8  GHz  ISM  bands.  Long  distance  tests  of  up  to  7.5  km 
at  2  Mbit/s  and  100  mW  have  already  successfully  been 
conducted.  Lately  155  Mbit/s  have  been  achieved  by 
wireless  loops. 

Looking  at  these  advanced  alternative  technologies, 
the  introduction  of  PLC  within  a  relatively  small  win¬ 
dow  of  1  to  2  years  is  critical,  knowing  the  PLC  commu¬ 
nity  is  trying  to  catch  up  with  the  low  side  of  the  other 
high  speed  data  rates. 

5.  WITHDRAWAL  OF  THE  REGTP  FIELD  TRIAL 
LICENSES 

After  the  presentation  of  the  short  wave  propagation 
study  by  Ascom  at  the  end  of  1998  it  was  clear,  -40 
dBm/Hz  PLC  transmission  level  might  increase  the 
natural  background  noise  in  Germany  by  as  much  as  10 
dB.  The  ionosphere  would  then  mirror  this  effect  into 
overseas  regions.  Short  wave  radio  communications 
could  therefore  be  seriously  affected. 

Amateur  radio  PLC  simulations  in  the  U.K.  proved 
the  effectiveness  of  Milliwatt  powers  for  European  wide 
radio  traffic  by  using  PLC  typical  end  even  symmetrical, 
buried  cables.  These  tests  were  under  the  supervision  of 
EMC  professionals  like  competent  bodies  and  EMC  test 
labs. 

Concern  was  also  expressed  by  the  German  armed 
forces,  the  BND,  the  ministry  of  internal  affairs  and  lo¬ 
cal  federal  government  state  agencies.  Concern  was  also 
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expressed  by  telecom  experts  in  the  worldwide  embassy 
radio  link  system.  A  similar  situation  was  found  in  the 
broadcasting  over  long,  medium  and  short  waves.  The 
often  stated  argument,  this  can  all  be  covered  by  Internet 
is  complete  nonsense. 

Many  serious  PLC  studies  and  simulations  in  acade¬ 
mia  do  not  make  the  author  believe,  PLC  could  shortly 
be  implemented  on  a  nation  wide  base. 

30  dB  to  40  dB  in  excess  of  the  RegTP  NB  30  de¬ 
cree  in  well  monitored  field  trials  of  the  consortia,  ac¬ 
companied  by  accredited  test  labs  and  the  RegTP, 
speaks  for  itself.  These  results,  initially  classified,  are 
now  publicly  available  in  the  minutes  of  the  ATRT  PLC 
meeting  from  24.  Sept.  1999. 

Based  on  intensive  discussions  the  RegTP  has  now 
withdrawn  the  granted  licenses.  Annother  sensational 
news  was,  NOR. WEB  is  pulling  out  of  the  PLC  busi¬ 
ness,  mainly  for  economical  reasons! 

6.  SUMMARY 

The  PLC  results,  in  particular  regarding  EMC,  did 
by  far  not  meet  the  expectations.  The  time  pressure  in 
the  market  place  by  competing  technologies  is  enor¬ 
mous.  The  consortia  were  unable  to  deliver  adequate 
technical  and  normative  drafts.  ATRT,  however,  was 
able  to  input  international  normative  requests  for  well 
coordinated  PLC  standardization.  The  first  working 
groups  are  successfully  acting.  The  author  assumes,  that 
in  the  near  future  there  is  only  a  chance  to  introduce 


PLC  technology  by  using  spread  spectrum  and  keeping 
well  below  the  EMC  limits.  This,  however,  will  lead  to 
more  repeaters  along  the  line.  EES  Germany  has  con¬ 
ducted  positive  pre-investigations.  The  EMC  act  with 
the  higher  limits,  compared  to  the  TKG  limits,  may  have 
to  be  reconsidered  in  view  of  system  and  not  only  box 
requirements. 

BIOGRAPHICAL  NOTE 

Dr.-Ing.  Diethard  Hansen  is  president  of  the  EES 
Switzerland  and  Germany,  specializing  in  international 
consulting,  training,  innovative  EMC  test  products,  ac¬ 
credited  testing  and  R&D.  Further  areas:  LVD,  radio, 
automotive  and  medical.  He  is  holding 
a  BS/MS  in  electrical  engineering 
from  Germany  and  a  Ph.D.  degree 
from  TU  Berlin.  More  than  20  years  of 
industrial  EMC/EMP  experience,  35 
patents  (GTEM,  EUROTEM,  Poyntor 
sensor)  and  140  professional  publica¬ 
tions  as  well  as  chairmanships  are  as¬ 
signed  to  him.  He  was  the  manager  of  the  EES 
Competent  Body  and  acted  as  board  member  of  Euro¬ 
pean  Competent  Bodies  ACB  -  Brussels.  Memberships: 
IEEE/EMC,  CENELEC,  ETSI  and  IEC.  He  is  the 
RegTP  ATRT  PLC  chairman  and  a  lead  auditor  for 
EMC  labs  and  competent  bodies  in  the  DAR  accredita¬ 
tion  system.  Since  1991  Dr.  Hansen  is  a  senior  EMC  en¬ 
gineer  under  USA  NARTE  accreditation. 


INTERNATIONAL  WROCLAW  SYMPOSIUM 
ON  ELECTROMAGNETIC  COMPATIBILITY 


EMC  2000 


Radiated  Emission  of  Domestic  Main  Wiring  Caused  by  Power-Line 

Communication  Systems 


RalfVick 

EMV-  Beratungs-  und  Planungsburo  Prof  Gonschorek  &  Dr.  Vick 
Gostritzer  Str.  106,  01217  Dresden,  Germany 
Phone:  (+49)  351  3107161  Fax:  (+49)  351  31071612 
e-mail:  info@emc-experts.com 


Abstract  -  This  paper  shows  the  results  of  magnetic  field 
strength  measurement  in  the  case  of  power-line  carrier 
systems.  The  measurements  were  performed  when  RF 
signals  in  a  frequency  range  of  150  kHz  to  30  MHz  were 
coupled  into  the  230  V  main  wiring  of  buildings.  A 
relation  between  the  unbalance  of  the  power  network 
and  radiated  fields  is  shown.  However,  applied  models 
fail  to  predict  the  fields  at  frequencies  below  4  MHz. 
The  results  show,  that  it  is  necessary  to  regulate  power¬ 
line  communication  in  order  to  protect  the  broadcast 
frequency  band. 


1  Introduction 

Transmission  of  data  through  a  230  V  electric  power 
line,  called  Power-line  Communication  (PLC),  could 
find  a  intensified  application  within  the  next  few  years 
in  households  and  industry.  In  a  typical  low-voltage 
system,  several  hundred  households  are  connected  star- 
like  from  a  transformer  station.  Several  new  services 
could  be  operated  without  the  installation  of  additional 
transmission  mediums. 

Data  transmission  through  electric  power-lines  have 
already  been  installed  in  buildings  to  control  functions, 
e.g.  the  brightness  of  lightning  systems  or  the  movement 
of  shades  etc..  Functioning  systems  based  on  the  EIP 
protocol  are  still  being  commercialized.  Transmission  of 
data  with  a  broader  bandwidth  is  opening  up  new 
opportunities  for  communication  technology.  In  US 
markets,  systems  are  available  which  can  transmit 
audio,  television  and  Local  Area  Network  signals  at 
different  carrier  frequencies.  This  equipment  right  now 
is  not  allowed  to  be  used  in  Europe,  according  to  legal 
regulations,  which  also  include  existing  restrictions  of 
the  carrier-frequency  range. 

In  order  to  increase  bandwidth,  the  transmission  of 
signals  in  a  frequency  range  above  150  kHz  is 
necessary.  With  it  comes  a  danger  of  radiated  emission, 
since  power  lines  act  as  an  antenna  at  higher 


frequencies.  This  paper  shows  results  of  magnetic  field 
measurements  in  case  of  PLC. 

2  Radiation  by  unbalanced  systems 

To  transmit  data  through  the  power-lines,  a  modulated 
signal  will  be  symmetrically  coupled  between  the  outer 
conductor  and  neutral  or  between  two  outer  conductors 
of  the  three-phased  system.  The  signal  can  be  coupled  to 
the  power-line  using  a  balun  and  coupling  capacitors. 
More  advanced  systems  adopt  the  output  impedance  of 
the  transmitter  to  the  power-system’s  impedance. 

2 . 1  Unbalance  of  the  system 

It  is  known  that  the  attenuation  of  symmetric  signals 
along  power-lines  is  much  higher  than  the  attenuation  of 
asymmetric  signals.  On  the  other  hand,  asymmetric 
signals  will  be  more  efficiently  radiated  than  symmetric 
signals,  thus  the  real  danger  when  doing  PLC  lies  in 
generated  asymmetrical  signals  along  the  lines. 

Even  if  the  signal  is  intentionally  coupled  symmetrically 
into  the  wiring,  asymmetric  voltages  and  currents  will 
be  generated  along  the  line  due  to  the  system’s 
unbalance,  especially,  at  points  with  a  high  unbalance, 
i.e.  electronic  devices. 

When  a  symmetrical  voltage  is  feed  into  the  power 
system  one  needs  an  appropriate  method  to  estimate  the 
generated  asymmetrical  voltage.  The  Longitudinal 
Conversion  Loss  (LCL)  and  the  Transversal  Conversion 
Loss  (TCL)  are  defined  in  the  ITU  recommendations. 
They  are  ratios  between  the  asymmetric  and  symmetric 
components  at  a  specific  test  point,  i.e.  a  power  outlet. 

The  LCL  of  a  specific  test  point  is  determined  by 
coupling  a  asymmetrical  voltage  (longitudinal  signal) 
into  the  system  and  measuring  the  resulting  symmetrical 
voltage  (transversal  signal).  The  LCL  is  a  logarithmic 
ratio  between  the  asymmetrical  (EL)  and  the  resulting 
symmetrical  voltage  (VT). 
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LCL  =  20*logIO(|t)  dB  (!) 

The  TCL  is  the  ratio  between  the  symmetrical  and  the 
asymmetrical  voltage  when  a  symmetrical  voltage  is 
feed  into  the  system. 


TCL  =  20*log1(A  dB  (2> 

' l 

A  probe  can  be  used  to  measure  the  LCL  or  the  TCL, 
[11- 

Changing  power-network  conditions,  especially  the 
mismatch  of  the  wave  impedance  between  the 
measurement  equipment  and  main  wiring,  lead  to 
resonance  in  the  TCL.  This  behavior  requires  the 
determination  of  the  TCL  at  different  test  points  within 
the  building.  Then  an  appropriate  value,  such  as  the 
minimum,  should  be  used  for  interpretation  of  the  TCL. 

Once  the  TCL  is  known,  one  is  able  to  calculate  the 
asymmetrical  voltage  at  a  given  amplitude  of  the 
symmetrical  signal.  This  voltage  can  then  be  used  to 
estimate  the  radiated  emission  with  an  appropriate 
model. 

2.2  Measurement  setup 

Investigations  were  aimed  to  give  an  overview  of  the 
radiated  fields  during  power-line  communication. 
Furthermore,  the  relation  between  TCL  and  the  radiated 
field  should  be  shown.  The  setup  was  designed  to 
measure  the  TCL  and  the  radiated  magnetic  fields  H 
(0  dB^A/m  =  51.5  dB^v/m)  without  a  change  in  the 
coupling  conditions,  Figure  1. 


Figure  1  TCL  measurement  setup 

An  R&S  ESHS30  measurement-receiver  with  an 
internal  generator  was  used  for  the  measurements.  It 
allows  the  receiving  frequency  to  be  locked  to  the 
transmitting  frequency.  Using  a  balun,  a  symmetrical 
signal  was  coupled  into  the  power-line  system  at 
specific  power  outlets.  The  resulting  asymmetrical 
voltage  was  measured  at  the  balun.  Radiated  magnetic 
fields  within  a  range  of  approximately  30  m  around  the 
coupling  point  were  measured  by  a  magnetic  loop 
antenna  connected  to  the  receiver. 

3  Measurements 

Investigations  were  performed  on  five  different 
buildings  as  well  as  an  underground  cable,  but  only  the 
indoor  measurements  are  mentioned  in  this  paper.  A 
symmetrical  signal  of  105  dBpV  was  coupled  into 
different  power  outlets  within  the  buildings  and  the 
radiated  magnetic  field  was  measured.  The  chosen 
buildings  were  an  one  family  house,  a  rebuild  villa,  an 
office  building,  a  two  family  house  and  a  12  story 
building  from  1964. 

3.1  Summarized  magnetic  field  measurements 

The  magnetic  field  was  measured  at  192  field  points 
within  the  buildings  with  at  least  two  different  coupling 


Figure  2 


Measured  field  strength  H  in  a  distance  up  to  3  m  of  the  coupling  point  when  a 
symmetrical  signal  of  105  dB^y  was  coupled  into  the  power-line 
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locations.  The  measurements  were  done  at  70  pre¬ 
selected  frequencies,  which  were  chosen  to  have  a  low 
background  noise.  A  high  variability  in  the  magnetic 
field  was  observed.  In  the  case  of  resonance  effects  of 
the  power-line  system,  the  maximum  measured 
magnetic  field  strength  was  120dB(1v/m-  The  results 
were  grouped  according  to  the  distance,  d,  between  the 
coupling  and  the  measuring  locations. 

The  following  classes  were  chosen: 

•  measurements  less  than  3  m  from  the  coupling 
point  (48), 

•  measurements  between  3  m  and  5  m  from  the 
coupling  point  (57), 

•  measurements  greater  than  5  m  from  the  coupling 
point  (87). 

The  data  are  best  displayed  by  Box-Plots.  Box  plots 
show  the  25  %  -  75  %  interval  of  the  values  as  a  box, 
the  median  as  a  line  within  this  box  and  the  10  %  -  90  % 
values  as  a  line  interval.  Additionally,  all  outliers  are 
displayed  as  points.  Thus,  Box-plots  give  a  good  visual 
interpretation  of  the  measured  values,  Figure  2  and 
Figure  3. 

The  variability  in  the  magnetic  field  as  well  as  the  high 
resulting  values  are  displayed  in  the  figures. 

One  should  use  a  specific  value  of  the  functions  for 
interpretation.  The  demand,  undisturbed  reception  for 
radio  receivers  should  be  possible  in  90%  of  all  cases, 
could  be  used  to  set  this  value. 

Using  this  90%  interval,  it  is  possible  to  calculate  a 
coupling  factor  for  the  magnetic  field  of  approximately 
-15  dB1/m  for  frequencies  lower  2  MHz,  i.e.  a 
symmetrical  voltage  of  105  dBMv  would  cause  a 
magnetic  field  strength  of  lower  than  90  dB^v/m  in  90  % 
of  the  cases. 


To  show  the  dependence  of  the  magnetic  field  on  the 
frequency  as  well  as  on  the  distance  between  coupling 
and  measurement  points,  the  median  for  different 
distances  is  displayed  in  Figure  4. 


Figure  4  Median  of  the  measured  field  when  a  symmet¬ 
rical  signal  of  105  dBMV  is  coupled  into  the 
power-line 

The  curves  may  be  interpreted  as  follows: 

•  d  <  3  m: 

H  remains  around  79  dBMy/m  up  to  5  MHz,  then  * 
falls  by  15  dB  per  decade. 

•  3  m  <  <  5  m: 

H  rises  from  67  dB^y/m  to  77  dBMV/m  between 
150  kHz  to  500  kHz.  Between  0.5  MHz  to 
5  MHz  it  remains  around  77  dBMy/m .  Finally,  it 
falls  by  15  dB  per  decade  for  frequency  greater 
than  5  MHz. 

•  rf>5m: 

H  stays  around  76  dBMy/m  up  to  5  MHz,  then 
falls  by  20  dB  per  decade. 


Figure  3 


Measured  field  strength  in  a  distance  greater  5  m  of  the  coupling  point  when  a 
symmetrical  signal  of  105  dB^y  was  coupled  into  the  power-line 
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A  dependence  on  the  distance  of  approximately  1 0  dB 
per  decade  is  distinguishable  at  frequencies  greater  than 
10  MHz. 

3.2  Local  distribution  of  the  magnetic  field 

The  local  distribution  of  the  magnetic  field  was 
measured  in  a  single  room  of  the  one  family  house.  The 
walls  are  situated  at  the  coordinates  (0,y),  (x,0),  (4m,y), 
(x,6m)  and  the  power  lines  are  installed  along  the  walls 
and  the  ceiling  (lamp  outlet,  z  =  2.5  m). 

For  example,  the  local  distribution  of  the  magnetic  field 
within  the  room  at  30  MHz  is  shown  in  Figure  5. 


X-Coordinate  in  m 


Figure  5  Local  distribution  of  the  magnetic  field  when  a 
symmetrical  voltage  of  105  dBpv  is  coupled  into 
the  power  line  at  (0,0),  z  =  1  m 

It  is  obvious  that  the  field  varies  only  slightly  within  the 
room,  which  was  already  demonstrated  in  simulations. 
The  maxima  of  the  asymmetric  current  or  voltage  along 
the  distributed  lines  leads  to  extended  local  maxima  of 
the  magnetic  field  within  the  room. 

One  will  find  the  maxima  of  the  field  along  the  power 
line. 


Figure  6  Limits  for  the  magnetic  field  of  telecommunica¬ 
tion  systems  according  to  the  specification 
NB  30  of  the  German  Regulation  Authority  of 
Post  and  Telecommunication 

This  voltage,  U0,sym,  is  shown  in  Figure  7  for  the  2 
family  house. 


Frequency  in  MHz 


Figure  7  Symmetrical  Voltage  that  leads  to  magnetic 
fields  according  to  the  German  regulation 
NB  30 

Using  these  voltages,  one  can  limit  the  symmetrical  or 
the  unsymmetrical  voltage.  Therefore,  it  is  a  good 
assumption  to  assume  the  unsymmetrical  voltage  to  be 
6  dB  less  than  the  symmetrical  voltage. 

4  APPLYING  SIMPLE  MODEL 


3.3  NB  30  related  interpretation 

The  Regulation  Authority  of  Post  and  Telecommuni¬ 
cation  in  Germany  set  up  limits  for  the  magnetic  field 
3  m  away  from  telecommunication  equipment  in  the 
NB  30,  Figure  6. 

The  symmetrical  voltage  that  would  cause  a  magnetic 
field  according  to  these  limits  can  be  calculated, 


U 


S,NB  30 


=  £/. 


H 


0,sym 


NB  30 


H 


ISt 


(3) 


where  Uo,sym  is  the  symmetrical  voltage  used  for  the 
measurements,  HNB3o  is  the  limit  according  to  the  NB  30 
and  His,  is  the  measured  magnetic  field. 


A  have-wave  dipole  was  applied  to  calculate  the 
magnetic  and  electric  field  strength  10  m  from  the 
source.  The  amplitude  of  the  source  voltage  was 
105  dBMy  and  the  dipole  was  in  resonance  for  each 
selected  frequency.  The  calculated  field  was  reduced  by 
the  TCL  of  a  specific  test  point  in  order  to  get  an 
estimation  for  the  magnetic  or  electric  field.  The  median 
of  the  corresponding  measurements  was  calculated.  It  is 
displayed  along  with  the  calculated  approximation, 
Figure  8.  The  calculations  were  done  for  a  number  of 
test  points  and  distances. 

One  can  observe  that  there  is  a  close  correlation 
between  TCL  and  the  generated  magnetic  field.  This 
simple  Model  underestimates  the  magnetic  field.  At 
4  MHz  the  measured  field  is  still  around  20  dB  higher 
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than  the  estimation.  These  discrepancy  gets  smaller  at 
higher  frequencies. 


Frequency  in  MHz 


Figure  8  Comparison  between  modeled  and  measured 
magnetic  field  strength  at  one  coupling  point 

At  lower  frequencies,  estimation  is  not  permitted.  This 
is  due  to  long  wavelengths  and  the  distributed  power¬ 
lines.  Even  more  advanced  models  of  the  wiring,  which 
were  used  for  numerical  field  calculations,  are  accurate 
in  the  frequency  range  below  1  MHz. 

There  are  some  effects  that  lead  to  these  circumstances. 
One  stems  from  the  existence  of  single  ended  power 
lines.  It  was  shown,  [2],  that  the  symmetrical  signal  can 
produce  high  electric  fields  even  when  the  TCL,  i.e.  the 
balance  of  the  system,  is  high.  This  is  caused  by 
unsymmetrical  lines,  e.g.  single  phased  switched  power¬ 
lines  (lamp  circuits).  If  the  load  is  switched  off,  only 
one  wire  is  connected  to  the  load.  That  is  why  single 
ended  line  is  driven  as  a  antenna,  with  a  source  voltage 
equal  to  half  of  the  symmetrical  voltage  (earth  related). 
The  result  of  this  mode  of  operation  is  a  high  electric 
field. 


230  V  main  wiring.  The  results  show  a  potential  danger 
related  to  unregulated  power-line  communications.  The 
symmetrical  voltage  that  may  be  coupled  into  the  wiring 
is  only  in  the  order  of  60  dBMv  (lmV).  This  assumes  that 
the  generated  field  meets  the  German  regulation  NB  30 
in  90  %  of  the  invested  cases.  This  is  approximately 
valid  for  the  entire  frequency  range  of  150  kHz  to 
30  MHz.  The  generated  fields  within  buildings  are 
independent  of  the  distance  from  the  coupling  point  in 
the  low  frequency  range,  f  <  10  MHz. 

Simple  models  are  not  suitable  to  estimate  the  radiation 
due  to  PLC  in  the  lower  frequency  range,  especially 
below  4  MHz.  There  are  some  effects,  related  to  the 
wiring  of  230  V  power  networks  that  lead  to  high  field 
strengths  in  the  low  frequency  range,  even  when  the 
balance  of  the  system  is  still  acceptable.  One  of  the 
effects  is  a  high  electrical  field,  due  to  single  ended 
wiring  units,  i.e.  switched  off  lamps  or  loads.  In  this 
case  the  single  ended  conductor  could  be  driven  by  half 
of  the  symmetrical  voltage  coupled  into  the  power-line. 

The  results  of  the  investigation  showed  the  need  for  a 
regulation  of  the  symmetrical  or  unsymmetrical  voltage 
of  power-line  communication  systems  in  order  to 
protect  broadcast  services. 
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There  are  additional  undetected  effects  that  lead  to  the 
mismatch  between  models  and  measurements  in  the 
lower  frequency  range.  At  this  time,  a  statistical 
interpretation  of  the  measurements  should  be  used  to 
overcome  the  inaccurate  models.  Therefore,  limits  of 
the  symmetrical  or  the  unsymmetrical  voltages  should 
be  established.  These  limits  should  be  related  to  the 
existing  CISPR  standards. 

5  Summary 

The  magnetic  field  radiated  by  power-lines  was 
measured  when  a  symmetrical  signal  was  coupled  into 
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1.  INTRODUCTION 

Power  Line  Communications  (PLC)  have  been 
discussed  for  some  years.  PLC  offers  a  new  channel 
“the  last  mile”  to  the  customers’  premises.  It  offers 
thereby  an  opportunity  for  increased  competition  on 
telecommunication  services,  which  would  be  of  benefit 
to  the  users.  Trials  have  been  made  in  several  countries, 
and  the  first  commercial  systems  are  under  introduction. 
Power  lines  are  not  constructed  for  telecommunication 
signals.  This  causes  challenges  for  the  development  of 
equipment  for  the  transmission  of  telecommunication 
signals.  So  far  network  owners  and  equipment 
producers  seem  to  have  under-estimated  the  challenges 
given  by  requirements  on  EMC  and  interference  to  radio 
communication  systems. 

The  industry  is  busy  developing  equipment  and 
solutions  for  PLC.  The  service  providers  and  network 
owners  want  to  use  this  equipment  to  offer  services  and 
increase  revenue.  They  are  testing  pilot  installations  to 
be  able  to  deploy  equipment  when  available  from  the 
suppliers. 

The  authorities  are  discussing  potential  problems  and 
possible  regulations  to  ensure  that  PLC  will  not  cause 
interference  to  radio  communications.  All  parties  meet 
at  international  organisations  to  develop  standards  and 
requirements  for  PLC.  The  work  is  not  finished,  but 
rapidly  developing. 

2.  NPT  AND  EMC 

Norwegian  Post  and  Telecommunications  Authority 
(NPT)  is  an  EMC  authority  when  radio  communications 
are  concerned.  NPT  is  part  of  the  telecommunication 
authority.  NPT  licence  radio  frequencies  and  controls 
the  use  of  radio  frequencies  and  noise  and  interference 
to  radio  communications  systems. 

The  main  EMC  authority  in  Norway  is  The  Norwegian 
Directorate  for  Product  and  Electrical  Safety. 

PLC  is  not  the  only  new  technology  giving  potential 
EMC  problems.  Increased  frequency  range  for  xDSL 


systems  in  telecommunication  networks  and  two-way 
communications  in  CATV  networks  may  also  cause 
radiation  and  thereby  interference  to  radio  systems. 

3.  POWER  LINES 

Power  line  communications  are  as  of  particular  interest 
between  the  distribution  transformer  and  the  end  users. 
The  distance  may  be  up  to  a  few  hundred  meters,  and 
the  number  of  connections  about  two  hundred. 

Power  lines  up  to  the  end  user  connection  could  be 

-  ducted  cables 

-  buried  cables 

-  overhead  cables 

-  overhead  lines 

From  tire  distribution  transformer  a  number  of  cables  or 
lines  go  in  different  directions,  customers  are  connected 
to  taps  terminated  at  input  fuses  at  the  customers’ 
premises.  Two  main  systems  exists,  the  main  system  in 
Europe  have  410  V  between  the  three  phase  conductors 
and  230  V  between  any  one  phase  and  ground.  Four 
conductors  are  used,  in  cable  systems  the  ground 
conductor  may  act  as  shielding  in  a  coaxial  type  cable. 

In  Norway  a  three  conductor  power  distribution  is  used. 
Shielding  may  be  provided  in  some  cables,  but  the 
shielding  is  not  used  as  a  separate  conductor.  Norway 
and  Albania  are  the  two  countries  in  Europe  that  use  the 
three  conductors  distribution  scheme. 

Wc  would  expect  buried  and  ducted  cables  to  cause  less 
radiation  than  overhead  cables  and  lines.  The  earth  layer 
above  these  cables  may  act  as  extra  screening.  Tire 
ground  conductor  will  as  a  rule  be  provided  as  an  outer 
conductor  or  sheath  in  cables.  Cables  with  four 
conductors  could  therefore  be  used  with  a  coaxial  cable 
type  function  for  high  frequency  signals. 

Is  radiation  and  interference  from  PLC  unliccnced  use 
of  radio  frequencies  or  is  it  an  EMC  problem?  Seen 
from  NPT  it  may  be  either  one,  regulations  enforced  by 
NPT  cover  both  aspects. 
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4.  NPT  INTERESTS  IN  PLC 

NPT  started  its  work  on  PLC  in  1998.  The  NPT  interest 
in  PLC  and  EMC  was  initiated  by  two  examples  of 
EMC  and  radio  communications  interference: 

•  Norwegian  aerial  cable  networks  in  southern  part  of 
the  country  were  some  years  ago  disturbed  by 
German  VLF  radio  transmitters.  Analogue  carrier 
frequency  systems  (1+1  Systems)  could  no  longer  be 
used  on  certain  cables.  These  cables  had 
geographical  orientation  from  the  radio  transmitter 
(north  -  south).  Analysis  and  measurements  are 
described  in  two  articles  in  Telektronikk 
(a  technical  periodical  from  Telenor,  Norway)1 
The  noise  included  contributions  from  electrical 
energy  open  wire  lines  that  induced  noise  to  parallel 
telecommunication  cables. 

•  Information  on  an  EMC  problem,  where  a  PLC- 
system  internal  in  a  building  was  disturbed  by  a  PLC 
system  at  a  passing  medium  to  high  voltage  system 
with  open  wire  lines. 

Media  could  in  1998  report  on  tire  emerging  interest  for 
PLC  for  the  provision  of  telecommunication  services. 
The  two  cases  mentioned  above  made  us  believe  that 
PLC  could  mean  interference  and  EMC  problems  if  and 
when  PLC  systems  were  deployed  in  some  scale.  This 
made  it  necessary  to  initiate  work  to  collect  information 
on 

-  the  possibilities  for  PLC  systems 

-  the  potential  impact  from  PLC  to  radio 
communication  systems 

-  other  EMC  aspects  as  seen  from  NPT  as  EMC 
authority  in  the  field  of  radio  communication 
systems. 

To  ensure  that  our  work  included  all  organisations  and 
groups  that  could  have  a  view  on  PLC,  we  formed  an 
informal  group  with  representatives  from  what  was 
thought  to  be  all  interested  parties: 

-The  Norwegian  Directorate  for  Product  and  Electrical 
Safety  (EMC  authority  in  Norway) 

-Norwegian  Water  Resources  and  Energy  Directorate 
(Regulations,  Norway  has  competition  for  the  produc¬ 
tion  part  and  a  monopoly  for  tire  distribution  part) 

-  NPT,  with  representatives  from 

-  Radio  frequency  planning  and  frequency  licences 

-  Radio  frequency  control 

-  Technical  regulation  and  control 

-ElTele  AS  (a  telecommunications  company  owned  by 
companies  for  energy  production  and  distribution) 

The  main  task  for  the  group  was  to  build  a  common 
understanding  of  all  aspects  of  PLC,  and  in  particular 
the  consequences  regulations  could  have  on  PLC. 

Information  is  collected  from  different  sources: 


1.  Seminars  in  1998  and  1999  on  Power  Line 
Communication  systems  (Arranged  by  HR) 

2.  Standards  and  standardisation  work  in  CENELEC 
andETSI 

3.  CEPT  Working  Group  SE  (Spectrum  Engineering)1" 

4.  Contact  with  companies  developing  PLC  systems 

-  NOR.WEB/Nortel  Networks 

-  Comuniq  ASA  (Norwegian,  www.comuniq.com) 

-  Alcatel  Telecom  AS 

5.  Companies  studying  PLC  systems  as  their  technical 
solutions  on  access,  to  offer  telecommunication 
services  through  networks  they  own  themselves: 

-  ElTele  AS 

-  Viken  Energinett  AS  (owns  the  distribution 
network  in  Oslo  and  some  other  municipalities) 

5.  PLC  STRUCTURE 

There  are  at  least  four  different  alternatives  for  PLC 
from  the  electrical  energy  distribution  network.  All 
alternatives  include  a  PLC  terminal  at  the  distribution 
transformer,  the  main  differences  are  connected  to  the 
terminations  at  the  customers’  ends: 

1.  PLC  is  terminated  at  the  energy  metering  equipment 
and  fuse  box,  where  the  telecommunication  signals 
are  transferred  to  an  internal  specialised  network  for 
telecommunications. 

2.  As  above,  but  filters  are  introduced  in  the  network, 
thus  keeping  tire  high  frequency  telecommunications 
signals  in  the  relevant  part  of  the  cable  network 
(only  the  part  of  the  network  leading  to  PLC 
customers  will  carry  PLC  signals) 

3.  Any  of  the  above  alternatives,  but  with  the 
difference  that  PLC  signals  arc  lead  directly  into  the 
internal  power  network  at  the  customer’s  premises. 
The  low  voltage  network  will  also  act  as  at 
telecommunication  network,  any  ower  outlet  will 
also  be  a  connection  point  for  .Jecommunication 
services. 

4.  A  two-stage  PLC  solution.  The  first  stage  consists  of 
any  of  alternatives  1  and  2  above.  The  second  stage 
is  a  PLC  systems  specialised  for  use  on  the  internal 
power  cable  system  at  the  customer’s  premises. 
Stage  two  may  use  other  frequencies  and  signal 
levels  than  stage  one. 

The  different  solutions  present  different  situations  and 
effects  as  regards  possible  EMC  and  radiation  aspects. 
The  first  two  limit  the  high  frequency  signals  to  the 
cables  between  the  distribution  transformer  and  the 
customers.  It  will  therefore  be  the  connections  between 
the  PLC  equipment  and  the  cables  themselves,  including 
the  cables,  that  must  be  investigated  regarding  EMC. 

The  use  of  filters  to  restrict  the  part  of  a  distribution  net¬ 
work  where  PLC  signals  are  transmitted  could  reduce 
EMC  and  radio  interference.  Taps  from  cables  to  street 
light  and  other  users  of  electrical  energy  could, 
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however,  mean  that  such  efforts  have  a  moderate  effect 
on  the  total  emission  of  signals  to  the  environment. 

In  alternative  three  there  is  no  need  to  investigate  the 
effects  on  PLC  on  the  internal  cabling  at  the  customer’s 
premises. 

In  alternative  four  the  internal  cabling  and  equipment 
using  electrical  energy  will  have  to  be  evaluated 
regarding  EMC  and  as  source  of  radio  interference. 
Equipment  using  electrical  energy  includes  light  bulbs, 
coffee  machines,  kitchen  stoves  and  electrical  heaters. 

6.  INTERNATIONAL  STANDARDISATION 

Work  on  PLC  and  associated  EMC  problems  are  going 
on  in  three  different  organisations.  The  different  groups 
have  its  own  field  of  work. 

The  CEPT  WG  SE  co-ordinator  on  PLC  has  initiated  a 
common  meeting  between  the  heads  of  the  CEPT,  ETSI 
and  CENELEC  groups.  The  results  of  such  a  meeting  is 
by  January  2000  not  known.  For  those  who  have  an 
interest  to  engage  in  a  specific  aspect,  i.e.  EMC,  it  may 
be  difficult  to  see  which  group  is  the  suitable  one. 

The  different  groups  and  areas  of  work  are  given  below: 

-  CEPT  (an  organisation  for  post  and  telecommuni¬ 
cations  authorities) 

WG  SE.  On  possible  problems  on  interference 
to  radio  communication  systems  and  associated 
requirements  on  both  PLC  and  radio  systems. 
WG  SE  work  in  particular  with  problems  on 
several  users  of  the  same  radio  frequencies  and 
defining  limits  for  signal  strengths  and 
sensitivity  to  interference  from  other  signals. 

WG  FM.  On  possibilities  to  allocate  frequencies 
dedicated  to  PLC.  Such  allocation  would  mean 
that  some  users  of  radio  frequencies  need  to  be 
transferred  to  new  frequencies 

ERM  (EMC  issues) 

-  CENELEC  (an  organisation  open  to  authorities, 
users  and  industry): 

-  TC  210,  SC  205  (frequencies  when  using  power 
lines  for  different  types  of  use) 

SC  210A  (EMC,  terminals) 

-  ETSI  (European  Telecommunications  Standards 
Institute,  open  to  authorities,  users  and  industry): 

-  Special  project  team  on  PLC  standards,  working 
in  particular  on  protocols  and  architecture" 

-  ERM  (EMC  aspects) 

ITU  (International  Telecommunication  Union): 

-  ITU-R  (Radio  communicatons)  WP  1A 
(relationship  between  PLC  and  radio  communi¬ 
cations,  a  global  follow-up  of  work  in  ETSI  and 
other  regional  organisations) 


-  CISPR 

-  CISPR  G  (EMC  for  information  technology 
equipment) 

-  CISPR  H  (EMC  limits  for  radio  communication 
equipment) 

One  of  the  problems  with  five  groups  and  organisations 
working  on  different  aspects  of  PLC  is  the  different 
schedules  used.  The  CENELEC  group  working  on 
standardisation  on  the  use  of  frequencies  up  to  30  MHz 
is  working  very  fast  and  should  be  finished  by  june 
2000  (this  is  written  2000-02-06).  The  other  groups 
have  a  two  year  schedule  for  their  work.  The  CENELEC 
and  ETSI  groups'  are  dominated  by  the  industry 
developing  and  wanting  to  use  PLC  while  tire  CEPT 
groups  are  working  tools  for  the  authorities  in  Europe 
and  are  looking  at  the  EMC  and  interference  that  might 
be  expected  from  PLC  systems.  The  CEPT  work  could 
result  in  European  regulations  on  limits  for  EMC  and 
radiation  from  PLC  and  other  cable  media  with  high 
frequency  signals. 

7.  IS  RADIATION  FROM  PLC  SYSTEMS  AN 
EMC  PROBLEM? 

Power  lines  and  telecommunications  have  for  many 
years  co-existed.  Even  if  inductive  coupling  have 
resulted  in  noise  in  telecommunication  cables,  caused 
by  harmonics  and  noise  in  high-voltage  power  lines,  the 
measures  of  precaution  have  been  covered  by  the  power 
line  owner  if  the  noise  source  have  been  introduced 
after  tire  telecommunications  network  was  established. 
This  solution  could  be  used  provided  it  is  possible  to 
find  solutions  to  reduce  noise  and  the  power  line  owners 
are  willing  to  pay. 

If  PLC  introduces  unacceptable  noise  to  radio 
communication  systems,  it  may  not  be  possible  to  find 
measures  to  reduce  the  noise. 

The  CEPT  group  that  met  in  December  1999  discussed 
PLC  and  with  what  type  of  regulatoiy  framework  the 
expected  radiation  and  interference  problem  could  be 
treated.  The  PLC  group  could  not  agree  at  that  meeting. 
Some  delegates  expressed  the  view  that  the  EMC 
directive  and  the  following  national  regulations  should 
be  sufficient.  Other  delegates  said  that  EMC  regulations 
could  not  cover  this  type  of  situation.  The  latter  opinion 
lead  to  the  conclusion  that  special  regulations  are 
required  to  protect  radio  communication  systems. 

The  EU  Commission  has  advised  the  member  states  not 
to  establish  national  regulations  on  limits  for  radiation 
from  PLC  or  other  cable  media,  but  wait  for  the  results 
from  tire  studies  in  the  different  European  groups 
working  for  a  common  view  in  this  area. 

NPT  has  found  it  necessary  to  ensure  that  we  have  the 
necessary  regulatory  framework  in  place  before  PLC  or 
other  new  cable  communication  systems  are  deployed. 
This  would  create  a  predictable  framework  where  the 
network  owners  could  make  their  own  calculations  and 
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9.  MEASUREMENTS  IN  NORWAY 


measurements  and  decide  if  the  solutions  used  would 
create  noise  and  interference  below  the  defined  limits. 

The  present  regulations  in  Norway  consist  of  The  Tele¬ 
communications  Act  and  secondary  regulations 
authorised  by  this  Act  The  secondary  regulations 
include  national  implementation  of  the  EMC  directive 
and  the  ITU  and  European  radio  regulations.  We  are  of 
the  opinion  that  this  regulation  could  be  sufficient.  The 
lack  of  quantitative  limits  requires  that  users  of  radio 
communication  systems  make  complaint  on  noise,  and 
that  the  noise  source  is  identified  to  a  PLC  system, 
before  we  could  impose  restrictions  on  the  use  of  the 
source  of  interference.  We  would  therefore  prefer  a 
regulatory  framework  where 

-  the  PLC  operator  could  make  measurements 
themselves 

-  compare  the  results  with  limits  defined  in  the 
regulations 

-  on  this  basis  decide  if  a  particular  customer  or  part 
of  the  network  may  allow  PLC  without  exceeding 
the  given  limits 

8.  THE  MEASUREMENT  PROBLEMS 

The  general  measurement  methods  for  EMC  are  given 
by  CISPR: 

-  At  frequencies  below  30  MHz  EMC  is  measured 
“conducted”.  PLC  signals  are  below  30  MHz  and 
should  stay  inside  the  cable.  The  EMC  problem  is 
connected  to  the  signals  that  escape  the  cable. 

-  At  frequencies  above  30  MHz  EMC  is  measured  as 
radiated  signals.  At  these  frequencies  PLC  signals 
do  not  exist. 

-  There  is  no  EMC  requirement  on  cables  and  wires. 
Requirements  are  set  for  equipment  and  connected 
cables  as  a  system.  The  cables  exist  and  may  be  very 
costly  to  replace. 

Seen  from  NPT  this  may  be  regarded  as  a  small 
problem,  as  we  below  30  MHz  also  measure  radio  noise 
sources.  There  seem,  however,  to  be  necessary  to 
develop  new  standards  for  EMC  measurement  methods 
to  take  into  account  that  EMC  by  radiation  may  also  be 
a  problem  below  30  MHz. 

Measurements  of  radiated  field  strength  below  30  MHz 
are  not  very  simple.  Traditional  dipole  antennas  would 
be  too  large.  Active  antennas  of  small  size  will  simplify 
measurements. 

The  far  field  effect  is  another  problem.  If  sky-waves  are 
created,  interfering  noise  signals  could  be  a 
consequence  very  far  away  from  the  noise  source.  PLC 
and  radio  interference  is  in  its  nature  therefore  not 
necessarily  national  problems,  but  international. 


Measurements  are  planned  during  the  summer  2000  in 
co-operation  with  Viken  Energinett  AS,  the  network 
operator  in  Oslo  and  some  other  municipalities  in 
Norway.  The  trial  will  include  different  types  of  cables 
and  lines.  The  PLC  equipment  will  have  a  maximum 
bandwidth  of  30  MHz.  The  network  operator  will 
deploy  equipment  for  commercial  service  early  2001,  if 
the  pilot  installation  is  working  satisfactoiy. 

There  are  at  least  two  problems  in  measuring  radiation 
or  EMC  from  PLC  systems. 

•  The  power  lines  are  not  point  sources,  but  distri¬ 
buted  noise  sources.  Where  should  the  measure¬ 
ments  be  made? 

•  The  PLC  system  may  be  subdivided  in  two  parts, 
on  consisting  of  the  network  up  to  the  customer, 
and  the  other  of  the  network  at  the  customers’ 
premises. 

•  Buried  or  ducted  cables  (earth  cables)  may  not 
always  be  below  the  surface,  energy  is  needed  for 
street  lamps  and  possibly  other  purposes.  These 
types  of  use  require  cables  above  the  ground,  and 
both  cables  and  equipment  using  the  energy  may 
create  radiating.  How  do  we  separate  the  different 
components  of  radiation? 

10.  INFORMATION  ON  MEASUREMENTS  IN 
OTHER  COUNTRIES 

We  have  received  information  on  measurements  from 
the  UK  authority  RA  (Radiocommunications  Agency) 
and  Nor.  Web/Nortel  Networks.  The  information  is  on 
equipment  and  cables  used  for  a  test  installation  in 
Manchester,  England.  This  test  installation  uses  buried 
or  ducted  cables,  centre  frequencies  of  3  and  5  MHz, 
and  filters  or  termination  equipment  to  avoid  that  PLC 
signals  is  transmitted  to  the  internal  power  line  network 
at  the  customers’  premises. 

The  measurements  showed  radiation  of  very  high  field 
strength  compared  to  usable  signal  levels  for  short  wave 
radio  communications.  Radiation  sources  are  mainly 
where  the  PLC  equipment  is  connected  to  the  power 
lines.  In  technical  terms  levels  of  50  -  65  dBpV/m  were 
measured  at  10m  distance  from  the  power  lines  and 
equipment  connected  to  them  (bandwidth  9  kHz).  The 
general  background  noise  level  is  0  dBp.V/m  (plus  or 
minus  5  dB). 

11.  POSSIBLE  SOLUTIONS  TO  PLC 
PROBLEMS 

There  are  three  main  solutions  to  the  expected  EMC  or 
radiation  problem  introduced  by  PLC: 

•  PLC  solutions  are  allocated  specific  frequencies,  and 
existing  radio  communication  systems  at  these 
frequencies  are  transferred  to  other  frequencies.  This 
can  only  be  a  long  term  solution.  The  CEPT  WG  FM 
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is  looking  at  the  possibilities  for  this  solution.  A 
potential  problem  will  occur  if  such  frequencies  are 
not  found  suitable  fbr  the  capacity  needed  andcannot 
be  used  in  networks  available  for  PLC 

•  Limits  for  EMC  or  radiation  of  radio  signals  are 
defined  for  all  PLC  systems.  The  limits  are  set  with 
co-existence  of  PLC  and  radio  communications  in 
mind.  This  solution  will  reduce  the  possibility  to 
receive  radio  signals  at  present  noise  floors,  as  the 
noise  floors  will  be  higher.  The  CEPT  WG  SE  is 
looking  at  this  type  of  solution. 

•  Existing  regulations  are  used.  The  authorities  will 
look  for  the  source  of  any  problem  on  EMC  or  inter¬ 
ference  from  radio  signals  received  as  complaints. 
Any  PLC  system  identified  as  the  noise  source  will 
be  regarded  as  a  system  where  the  authorities  can 
impose  restrictions  to  end  the  noise.  Such  measures 
could  mean  the  end  of  PLC  used  for  tele¬ 
communications  service  for  the  customers  in  certain 
areas.  Would  it  be  necessary  to  ban  the  use  of  PLC 
in  certain  areas? 

12.  WHO  WILL  BE  AFFECTED? 

A  large  number  of  persons,  companies,  organisations 
and  public  services  use  radio  communication.  The  use 
of  radio  frequencies  up  to  30  MHz  include: 

-  Broadcasting  (Long,  medium  and  short  wave) 

-  National  defence  units 

-  Aero  mobile  communications 

-  Maritime  mobile  communications 

-  Fixed  services 

-  Navigation 

-  Frequency  and  timing  references 

-  Radio  astronomy 

-  Radio  amateurs 

We  have  heard  from  certain  owners  of  power  line  net¬ 
works  interested  in  the  use  of  PLC  systems  that  the 
benefits  of  such  systems  are  so  great  that  a  solution  on 
possible  EMC  and  radiation  problems  should  be  solved 
in  a  way  that  would  allow  PLC.  Short  wave  radio 
communications  are  expected  to  be  replaced  by 
communications  by  satellite,  they  say.  On  some  areas  of 
use,  their  investigations  show  that  no  known  users  of 
radio  communications  are  affected  by  the  expected 
noise  signals.  Anyway,  there  are  other  and  stronger 
noise  sources  in  most  environments,  so  the  contributions 
from  PLC  systems  are  negligible. 


Seen  from  the  radio  frequency  authorities  the  problems 
are  somewhat  different.  We  have  within  Europe 
allocated  all  frequencies  below  30  MHz  to  certain  uses. 
To  change  the  allocation  of  frequencies  will  take  a  lot  of 
time  and  require  that  the  present  users  of  these 
frequencies  are  willing  to  change  their  solutions.  And 
who  should  cover  tire  costs  of  this  solution? 

NPT  want  to  co-operate  with  the  parties  interested  in 
PLC  to  find  solutions  that 

-  make  tire  industry  able  to  use  PLC  to  offer  services 
to  their  customers  that  today  receive  electrical 
energy  over  tire  power  lines 

-  protect  tire  radio  communication  users  so  they  still 
may  use  their  systems 

We  are  at  present  (January  2000)  in  a  dialogue  with  the 
industry.  We  follow  the  development  in  the 
international  organisations  developing  standards  for 
PLC  and  limits  for  EMC  and  radiation,  and  we  are,  if 
required,  prepared  to  develop  temporary  national 
regulations  to  protect  the  present  use  of  radio 
frequencies. 

13.  CONCLUSIONS 

Information  from  authorities  and  manufacturers  of  PLC 
solutions  show  that  PLC  create  increased  noise  levels. 
The  increased  noise  levels  may  be  a  problem  for 
ordinary  reception  of  radio  signals. 

The  PLC  noise  level  measured  at  a  distance  of  10m  is 
measured  to  50  -  60  dB  above  the  background  noise 
level.  On  the  other  hand,  the  PLC  noise  level  is 
significantly  lower  than  the  background  noise  level  in 
an  office  environment. 

At  tire  moment  it  is  therefore  very  difficult  to  draw  any 
conclusions  as  to  the  level  of  EMC  or  radiation  from 
PLC  that  might  be  acceptable  to  avoid  too  much 
degradation  of  radio  communications. 
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ABSTRACT 

Mexico  City  is  not  only  big,  it  also  has  a  high 
population  density.  The  airport  is  in  a  metropolitan 
zone,  surrounded  by  a  residential  area.  The 
broadcasting  services  and  radionavigation  systems 
interfere  with  each  other  despite  the  fact  that  both 
systems  obey  the  international  standards.  The 
problem  is  the  location  and  sensitivity  of  the 
systems.  In  this  paper  a  model  and  simulation  of  the 
radionavigation  systems  is  presented  for  the  Mexico 
City  case.  The  model  is  obtained  for  the  joint 
probability  density  function  (PDF)  of  the  phase  and 
quadrature  output  signal  of  the  complex  cross¬ 
correlation  when  the  input  is  a  narrow-band 
partially  correlated  Gaussian  signal.  The  results 
show  that  for  signal  uncorrelated  is  best  to  use  a 
Gamma  Function.  Therefore  a  density  function  in 
accordance  with  the  concept  of  the  average  distant 
using  die  Gamma  Function  is  presented.  These  PDF 
are  applied  to  die  interference  problem  of  the 
radionavigation  system  at  the  Mexico  City  airport. 
The  results  are  presented  as  curves  showing  the 
value  of  input  correlation  coefficient,  which  is  a 
practical  form  used  to  obtain  the  level  of 
interference. 

1.  INTRODUCTION 

The  population  in  die  world  is  growing.  In  some 
countries  tiiere  is  invasion  some  areas  next  to  the 
airports.  In  Mexico  city  the  airport  is  metropolitan 
zone  and  around  diere  are  residential  zones,  then 


communication  services  are  interfered.  For  die 
airport  case  die  mean  problems  is  die  radar  that 
affect  the  population  communication  services  such 
as  broadcasting,  radio  cellular  phone  and  etc.  But 
the  radar  is  affected  too,  due  to  high  sensitivity.  The 
interference  power  received  from  die  emitter  around 
of  airport  radar  often  exceeds  the  receiver  noise  by 
many  dB,  thereby  limiting  the  system  sensitivity. 

Regulatory  sanctions  do  not  allow  the  increase  of 
radar  power.  Therefore  is  important  to  analyze  the 
interference  problems  around  of  die  radar  of 
Mexico  city.  Radio  interference  problems 
essentially  involve  three  steps: 

1.  Finding  a  model  to  analyze  the  interfering 
signals; 

2.  Estimating  die  parameters  of  the  interfering 
signals  using  measured  data, 

3.  Using  die  estimated  parameters  to  propose 
suppress  methods  of  interference. 

For  modeling  the  interference  problems  is  important 
to  describe  the  environment  as  accurately  as 
possible.  In  general,  it  is  not  possible  due  to 
interfering  signals  environment  is  random,  dien  for 
analysis  those  problems  is  necessary  to  use 
probabilistic  approach.  In  second  section  a 
probabilistic  density  function  in  accordance  witii 
correlation  coefficient  is  presented.  In  section  3, 
distribution  fiinction  for  normalized  distance  in 
accordance  with  Gamma  function  is  presented  and 
finally  apply  of  models. 
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2.  JOINT  PDF  FOR  THE  OUTPUT  VARIA¬ 
BLES 

The  radionavigation  system  of  Mexico  city  is 
affected  by  different  interference  sources.  In  the 
system  input  the  interference  signals  and  useful 
signal  can  be  considered  as  independent.  However, 
in  stage  first  these  signal  can  be  mixed  and  then  in 
detector  output  the  signals  are  correlated.  The  basic 
scheme  of  this  process  is  shown  in  figure  1. 


In  detector  the  output  signal  is 
V2=X2+Y2  (6) 

where  X  =  V  cos  (p  y  Y  =V  sen  cp 

For  m  samples  with  reference  at  the  Nyquist 
interval  (1/B),  the  characteristic  function  for  output 
detector  is: 

d)m  (to)  =  £[exp(/o)  V)\ 


Figure  1  Radionavigation  system  interference 
scheme 

Suppose  we  have  one  interfering  signal 
Sj  (t)  correlated  with  useful  signal  Su(t) .  These 
signals  are  narrow  band  Gaussian  with  independent 
in  phase  and  quadrature  zero  mean  Gaussian 
modulation.  It  can  be  represented  by  conical  form: 

S(J  (0  =  V!  (/)  cos(2tc/c0  -  v2 (0  sen(27t/cO  (1) 

Sj  (0  =  v3  (/)  cos(2-n fct)  -  v4  (0  sen(2 nfct)  (2) 

The  correlation  coefficients  are: 

In.  phase 

_ i_  °13  _  ct24 

pC0S<p  = - = -  IJj 

CTjCTj 

quadrature 

p »»*  =  -  =  -—  (4) 

0^2  <*1^2 


where  aj=total  power  of  useful  signal,  cr2=total 
power  of  interference  signal  and  ay  =covariance 


The  probabilistic  density  function  (PDF)  for  the 
input  signal  is 


w(vl  ’  v2  >  v3>  v4 )  = 


(271) 


. . . I..  1 

'22,  2 
CT1  CT1  \I-P 


Kexpl 


v?+vL2pcos»(l''v'+V:",l  +  ^i 


'l 


CTiCT 


1°  2 


„  .  i  0’XV4  +V2V3 

-  2psm§  — — - — 

CTiCT  2 


o\ 


(5) 


As  joint  PDF  is  the  inverse  Fourier  Transform,  for 
V>0  we  have 


= 


a,a2 


(l-p2)(m-l)  i 


CT1CT2 


Lct1ct2 


2V 

fv). 


(7) 


2pV 

_CTlCT2  V  “  p2  ). 


exp(/ro  V  )dV 


IV  (V)  = 


**«-! 


_  ^  _ *  ’ 

CT j CT 2  (l  —  p2  )(w  —  l) !  _CT1CT2_ 


2V 

*/0* 

2pV 

L  2  \ 

L  2  J 

Lct1ct2  V  -P  JJ 

LalCT2  V-P  JJ 
( 

(8) 


where  70  (V)  =  —  f  exp(±I/  cos  cp)tf(p  is  modified 

7t 

Bessel  function 


It  can  observe  that  PDF  is  independent  of  the  phase 
of  the  process  correlation  coefficient.  The  behavior 
of  the  output  detector  in  accordance  with  general 
feature  of  the  PDF  for  different  values  of 
correlation  coefficient  and  samples  m>  1,  is  shown 
in  figure  2. 

WM 


Figure  2.  PDF  for  detector  output 
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For  uncorrelated  signal  the  probability  density 
function  became  to  Gamma  Function  and  then  we 
can  apply  this  function  for  interference  analysis  in 
radionavigation  system 

3.  DISTRIBUTION  FUNCTION  FOR 
NORMALIZED  DISTANCES 

We  assume  a  sequence  of  interference  signals 
emitted  from  different  source,  where  all  of  them  are 
independent  and  identically  distributed.  This 
interference  can  be  represented  by  mean  of 
statistical  ensembles  as: 

N  ,  N 

Vl=±Vi  ;<*/=!>/ 

i= 1  ;= 1 

Where  N  is  the  number  of  sources 

In  accordance  with  statistical  model  of  path  loss 

F /  =Vq(R)  ”,  where  V2  is  voltage  signal 
emitted  by  transmitter  of  the  interference  source; 
(R)  is  the  average  distance  and  n  is  an  empirical 

constant,  which  depend  on  environment;  for  free 
space  n=2 

Interference  threshold  is  related  with  the  receptor 
sensitivity,  then  Vj  can  be  measured  in  the  receptor 
and  in  accordance  with  average  distance  is  yield  the 
power  of  the  interference  source. 

The  general  assumption  made  here  is  that  the  space 
is  limited  by  two  radius:  Rk  <R<Rm,  where Rj. , 
Rm  are  the  normalized  distances  between  the 

interference  sources  and  the  victim  receptor  as  is 
shown  in  figure  3. 


s  -measurement  set 


Figure  3.  The  measurement  condition 

For  analysis  of  the  interference,  we  use  the  average 
distance  concept  [I]  that  is: 


..  rk^r) 


1  for  axis  location  of  the  source 
where  y  =  •  2  for  plane  location  of  the  source 
3  for  sphere  location  of  the  source 

The  probability  density  of  the  signal  that  can 
interfere  to  victim  receptor  in  the  area  limited  by 
R^  and  Rm  can  be  calculate  by 

yy')=rr  /v  <10) 

n-RlVi 

For  obtain  information  of  envelope  of  the 
interfering  signals  in  victim  receptor  can  be  used 
the  Gamma  distribution  [  1  ]  which  expression  is: 


W(x,V/,aj)  = 


pr(a  +  l)^p 


a  r  \ 
I  x  I 
exri  — - 

\  Pj 


y  2  ^.2 

where  a  =  —  - 1 ;  p  =  — — — - 

Vo{RYn 


4.  EVALUATION  OF  INTERFERENCE 

Around  of  the  radar  of  Mexico  city  airport  a  lot  of 
interfering  sources,  the  first  evaluation  was  to  find 
the  probability  density  in  radii  of  operation  of  radar 
where  Rm  -  20  km  and  Rk  =  0.5  km  ;  the  power 
measured  interfering  signals  is  -76  dBm.  With 
Y  =  2  and  n  =  2;  {/?>  =  I3341w ;  F>2  =  15.8pF2 ; 

c]  =5[iV2  \  a  =  2  and  P  =  3  . 

Using  (10)  we  can  obtain  the  probability  density  of 
interfering  signals,  this  is  shown  in  figure  4. 


Figure  4.  Probability  density  of  interfering  signals 
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CONCLUSION 


With  equation  (II)  is  obtain  the  probability  density 
function  of  envelope  of  the  interfering  signals,  this 
is  shown  in  figure  5 

W|x) 


When  the  interfering  signals  are  correlated  in  the 
process  of  the  first  stage  of  the  receptor,  the  joint 
Gaussian  density  function  can  used  with  cross 
correator  and  equation  (8)  is  performance.  But  if  tire 
useful  signals  and  interfering  signals  are 
uncorrelated  the  better  option  are  tire  equations  (10) 
and  (11),  where  only  need  tire  distance  of  coverage 
zone  and  the  power  of  interfering  signal  in  receptor. 
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ABSTRACT 

The  subscriber  loop  connects  the  users  to  the 
network  backbone,  through  the  digital  switching 
office.  This  loop  exhibits  EMC  problem,  because  the 
speech  and  non-speech  data  signal  are  transmitted 
through  time-continuous  and  amplitude-continuos 
waveform  by  means  of  copper  wire.  As  a  result,  the 
signal  is  distorted  and  degraded  due  to  several 
causes,  such  as:  effects  of  1/f  noise,  phase  transition, 
power  loss,  noise,  poor  frequency  response,  and 
interference  due  to  transient  phenomena. 

This  paper  shows  a  novel  approach  by  means  of 
alpha-stable  distribution  of  the  psophmetric  noise  at 
copper  subscriber  loops  is  developed  for  predicting 
disturbances  at  voice  communication  line.  Tliis 
approach  it  was  used  to  determinate  the  effects  that 
degrade  the  service  quality  at  telephone-bandwidth 
in  Mexico  city.  A  higher-order  statistical  analysis 
was  done  for  the  psophometric  noise,  the  noise  data 
were  given  by  the  equipment  in  tire  central  office  to 
proportionate  a  methodology  to  quantify  the  noise 
and  to  solve  the  troubles  of  EMC  at  tire  subscriber 
loop  and  the  results  reached  have  been  satisfactory, 


that’s  why  the  recommendation  is  to  use  the 
psophmetric  noise  beside  the  metallic  noise,  dBm 
(dB  above  reference  noise)  to  work  out  this  kind  of 
troubles. 

I.  INTRODUCTION 

Nowadays,  there  is  not  recommendation  to  measure 
in  a  satisfactory  way  the  electromagnetic  status  of 
the  copper  rods  from  the  analogical  subscriber  loop 
in  a  digital  switching  office  to  evaluate  the  noise 
immunity  with  accuracy,  and  for  that  reason  is 
proposed  the  concept  of  the  psophometric  noise  to 
apply  it  in  EMC  troubles  at  subscriber  loop.  The 
objectives  for  maximum  levels  of  noise  in  the 
analogical  networks  from  AT&T  are  28  dBr  (relative 
noise  in  dB’s)  for  connections  until  60  miles  of 
length  and  34  dBr  for  circuits  of  1000  miles  [1], 

The  current  standards,  in  the  telephone  operation,  for 
instance,  it  makes  use  of  values  for  metallic  noise 
less  than  28  dBmc  [2],  and  this  kind  of  evaluation  is 
not  good  enough  to  detect  and  improve  tire  EMC  in 
the  subscriber  loop.  The  summary  is  shown  by  the 
following:  Tire  methodology  starts  with  a  brief 
explanation  about  the  scenery  of  tire  telephone 
noise,  beginning  in  the  sixties  when  the 
mathematical  models  were  devised  by  Mandelbrot 
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and  Mertz,  both  of  them  had  succesuful  applications 
with  hyperbolic  distributions,  such  as,  Mandelbrot’s 
economic  models  adapted  adequately  in  the  German 
telephone  network,  completing  the  scenery  with  D. 
Middleton,  who  established  the  basis  to  generate  a 
whole  statistical  communications  theory  as  new 
subject  of  the  signal  processing  in 
telecommunications.  Lately,  W.  Willinger  &  V. 
Paxon  they  are  working  with  mathematical  models 
to  represent  the  behavior  of  telephone  traffic  tlirough 
internet. 

Subsequently,  to  validate  the  psophometric  concept, 
which  is  demonstred  with  the  aid  of  experimental 
data  obtained  from  a  digital  switching  office 
ubiqueted  in  Mexico  City,  where  the  telephone 
numbers  are  sampled  by  random  techniques  for 
measure  the  psophometric  noise  in  the  subscriber 
loop  by  means  of  a  software  command  in  the 
computer  to  get  the  communication  man  machine  in 
the  telephone  digital  office,  this  exchange  office  was 
built  with  technology  Alcatel  and  is  known  like  as 
System  12,  later  on  a  statistical  characterization  of 
psophometric  noise  in  a  telephony  digital  networks 
with  a-stable  distributions  is  made  calculating 
higher-order  moments,  cumulants  and  the  following 
four  parameters;  a  (characteristic  index),  f3 
(skewness),  y  (dispersion)  and  a  (location)  to 
calculate  the  estimator  for  determinate  the  pdf  of  a 
characteristic  function  is  the  following  equation: 


f(x\  a,  P)  =  -  J  exp(-/ a )  cos  xt  +  p t 


To  sum  up,  the  function  is  graphed  with  the  values 
estimated;  histograms,  quantiles  or  fractiles,  box  and 
whisker  plot  and  goodness  of  fit  to  get  an  approach 
by  means  of  alpha-stable  distribution. 

II.  SCENERY  OF  TELEPHONE  NOISE 

Berger  and  Mandelbrot  have  made  an  approach  of 
cantor  set  to  adjust  a  model  with  a  recurrent  process 
to  describe  the  distribution  of  the  ocurrence  of  errors 
in  data  transmission  on  telephone  lines,  i.e., 
processes  governed  by  distributions  of  the  Pareto 
type  [3], 

In  1965  Mandelbrot,  uses  a  Levy  set  to  build  a 
fractal  model  that  improves  the  Pareto  model 
developed  by  himself  in  1963. 

Self-Similars  stochastic  processes  are  useful  for 
multiscale  analysis  because  the  signals  exhibiting 
long-range  dependence  and  invariance  in  distribution 


under  time  scaling,  when  the  model  considered  is 
fractional  brown  motion  [4], 

Based  on  a  series  of  parameter  estimation 
procedures,  Stuck  and  Kleiner  [5]  modeled  non- 
gaussian  lines  by  a  stable  distribution  with 
characteristic  index  =  1.95  (a  gaussian  has 

characteristic  2.0).  The  amplitudes  of  the  noise 
bursts  were  adequately  modeled  by  a  log  normal  and 
power  Rayleigh,  or  Gamma. 

Nongaussian  signal  processing  it  was  tried  over  the 
last  twenty-five  years  for  several  authors,  such  as;  D. 
Middleton  in  1977  [6],  who  considered  the  impulsive 
interferences  as  the  results  of  a  large  number  of 
spatially  and  temporally  distributed  sources  that 
produce  random  noise  of  short  duration,  hence 
probabilistic  analytic  models  of  physical 
nongaussian  noise  and  interference  processes  are 
used  in  the  development  of  the  stable  model  for 
impulsive  noise.  The  approach  by  mean  of  alpha- 
stable  distribution  is  characterized  by  heavy  tails  on 
the  pdf  (probability  distribution  function)  [7]. 

Recent  mathematical  discoveries  concerning  the 
temporal  dynamics  of  internet  traffic  include  its  self¬ 
similar  or  monofractal  scaling  laws,  multifractal 
scaling  behavior  over  small  time  scales,  and  the 
emergence  of  wavelets  as  tools  for  analyzing 
network  measurements,  for  example,  internet  traffic 
of  data  packets,  which  has  been  shown  to  be  fractal 
with  infinite  variance,  i.e.,  algebraic  tails  of  the  pdf 
for  packet  arrivals  [8], 

Non-Gaussian  stochastic  processes  are  encountered 
in  many  practical  situations,  in  particular  when  the 
signal  exhibits  an  impulsive  behaviour,  the  wavelet 
analysis  of  fractal  Poisson  and  self-similar  processes 
with  non-Gaussian  distributions  and  the 
higher/lower-order  moments  of  their  wavelets 
coefficients.  Stable  processes  have  also  turned  out  to 
be  good  models  for  many  impulsive  signals  and 
noises,  when  the  probability  distributions  of  the 
highly  variable  data  have  heavy  tails.  These 
distributions  have  infinite  variance  and  undefined 
higher-order  moments  [9], 

III.  ELECTROMAGNETIC  ENVIRONMENT 
A.  Electromagnetic  compatibility  (EMC) 

When  the  electrical  and  electronic  devices  are 
electromagneticly  compatible,  i.e.,  electronic  noise  is 
generated  by  each  device  involved  in  the  whole 
system,  and  the  noise  doesn’t  interfere  during  the 
normal  operation  of  the  devices  mentioned  above  in 
the  introduction  and  it  says  that  the  system  is 
electromagneticly  compatible. 
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In  this  study  it  is  researching  the  noise  immunity  in 
the  subscriber  loop,  where  the  transmission  lines  and 
conmutation  equipment  are  affected  by  interferences 
provoked  by  high  voltages  cables  and  atmospheric 
discharges;  Therefore  this  topic  is  involved  with  the 
noise  produced  by  the  human  being  and  the  nature 
effects,  both  of  them  belong  EMC  and  EMI 
(Electromagnetic  interference)  110],  wliich  it  refers 
to  the  undesireables  voltages  or  currents  that  damage 
tire  operation  of  the  subscriber  loop. 

B.  Measurements 

There  is  a  test  in  the  digital  exchanges  to  measure  the 
psopliometric  noise  with  a  frequency  of  820  Hz, 
where  it  is  got  -5dBm  and  0.435  Volts  according  to 
the  weighting  psopliometric  curve,  this  value  is 
equivalent  to  0.5  miliwatts.  This  test  is  known  like; 
“verify”  and  consists  in  simulate  two  resistances;first 
a  verification  with  2000  ohms  and  the  second  a 
verification  with  1500  ohms  between  the  rods  a  &  b 
in  the  subscriber  loop  all  this  is  taken  from  the  office 
exchange  of  technology  “Sistema-12”  froni  the 
supplier  Alcatel  [11],  from  a  computer  to  get 
communication  man  machine  the  next  command  is 
sent: 

14:  DN=K’XXXXXX,WTC=0,23=1  &  1  &  1,TSEGM 
ENT=4,FULLREP, 22=1, 21=2; 

where  XXXXXX,  is  the  telephonic  number  within 
this  test  called  “verify”  where  were  found  the  next 
values  of  psopliometric  noise,  wliich  are  shown  in 
the  next  table: 


Table  1.  Psophometric  noise  measurements 


-78.34  dBp 

-81.86  dBp 

-81.86  dBp 

-66.30  dBp 

-68.80  dBp 

-75.84  dBp 

-78.34  dBp 

-81.86  dBp 

-81.86  dBp 

-78.34  dBp 

-72.32  dBp 

-78.34  dBp 

-81.86  dBp 

-87.88  dBp 

-60.28  dBp 

-81.86  dBp 

-81.86  dBp 

-49.93  dBp 

-73.90  dBp 

-43.64  dBp 

-78.34  dBp 

mmm 

-78.34  dBp 

-81.86  dBp 

-78.34  dBp 

-81.86  dBp 

-81.86  dBp 

-68.80  dBp 

-69.82  dBp 

-78.34  dBp 

-81.86  dBp 

-75.84  dBp 

-81.86  dBp 

-78.34  dBp 

-75.84  dBp 

-75.84  dBp 

-81.86  dBp 

-100  dBp 

-81.86  dBp 

-59.58  dBp 

-100  dBp 

-81.86  dBp 

-75.84  dBp 

-81.86  dBp 

-78.34  dBp 

-87.88  dBp 

-81.86  dBp 

-81.86  dBp 

-78.34  dBp 

-81.84  dBp 

-55.84  dBp 

-78.34  dBp 

-78.34  dBp 

-78.34  dBp 

-41.77  dBp 

-60.65  dBp 

-87.88  dBp 

-78.34  dBp 

-78.34  dBp 

-87.88  dBp 

-72.32  dBp 

-73.90  dBp 

-78.34  dBp 

-53.90  dBp 

-64.36  dBp 

-58.34  dBp 

-62.78  dBp 

-67.88  dBp 

-67.88  dBp 

-78.34  dBp 

-81.86  dBp 

-87.88  dBp 

-63.80  dBp 

-69.82  dBp 

-75.84  dBp 

-69.82  dBp 

-44.07  dBp 

-38.31  dBp 

-78.34  dBp 

-87.84  dBp 

-73.90  dBp 

-60.28  dBp 

-68.80  dBp 

-56.76  dBp 

IV.  STATISTICS 
A.  Data  collection 

Classifing  data  after  table  1  by  frequency  during  the 
measures  carried  on  from  die  exchange  office  of 
psophometric  noise  in  die  analogical  subscriber  loop 
to  determinate  the  behavior  of  the  die  distribution  in 
the  telephonic  noise. 

To  calculate  the  media,  median,  mode,  standar 
deviation,  variance,  fractils,  etc.  We  it  got  die  next 
data: 


Table  2.  Frequency  of  the  data 


Intervals 

Frequency 

Scale 

Product 

(dB’s) 

_ (g) 

(x) 

(xg) 

100-97 

2 

-9 

-18 

97-94 

1 

-8 

-8 

94-91 

0 

-7 

0 

91-88 

0 

-6 

0 

88-85 

6 

-5 

-30 

85-82 

1 

4 

4 

82-79 

20 

-3 

-60 

79-76 

17 

-2 

-34 

76-73 

9 

-1 

-9 

73-70 

2 

0 

-163 

70-67 

8 

1 

8 

67-64 

2 

2 

4 

64-61 

2 

3 

6 

61-58 

4 

4 

16 

58-55 

2 

5 

10 

55-52 

1 

6 

6 

52-49 

1 

7 

7 

49-46 

0 

8 

0 

4643 

2 

9 

18 

80 

75 

Box  and  Whisker  Plot 


-100  -80  -60  -40  -20 


Fig.  1  Box-and-Whisker  Plot  with  the  data  from 
Table  1. 

From  Fig.  1  it  has  the  following  quantiles  and  it 
proceeds  to  normalize  die  data  to  get  positives 
estimators  taking  the  central  value  zero  and 
interpoling: 


05%  =  -86  dB  -»  -1.8 
25  %  =  -76  dB  -»  -0.6 


75  %  =  -68  dB  -+  0.4 
95  %  =  -60  dB  ->  1.2, 

B.  Probability  function  density. 

To  calculate  the  probability  density  function,  it  uses 
the  characteristic  function  from  inverse  Fourier 
transform: 

/(x;a,P)  =  — Jexp(-/a)cos[ct  +  p/ao)(/,a)]//.  (2) 


The  scale  parameter  c  can  be  estimed  from 

^ .. *0.75 -*0.25  _0-4+0-6_0  52 
1.939 

where  the  denominator  is  obtained  from  Table  5.2 
after  (12], 

Once  it  lias  c,  it  calculates  y: 


Sustituting  the  normalized  data  from  table  2: 


fa  (*)  =  —£  if— V"  ,1  ^  ct  <  2 

7ta  kmQ  2k\  y  a  J 

/a  =0.45 


An  infinitely  divisible  characteristic  fiinction  has  no 
real  zeros  [12]. 

Now  it  employs  Likehood-Ratio  Test  method: 


c=0.52 
y  =  0.35. 

With  the  generalized  central  limit  theorem,  their 
distribution  function  normalized  converges  in 
distribution  to  X  where  X  is  nondegenerate  and  the 
limit  random  variable  X  is  stable  [12]: 

lim  iaP(|A'|>O=yC(a)=0.18. 


[|/(0| 2  )  =  |/(')| U "  =  expU  log  /(/)  |, 


/  (x)=  “  j  o(9)e-a/(a-1)0(6)r/e. 

I1-®!  o 


fa  (0)  =  —  T ((a  + 1)  /  a)  =  0.28, 
71 


A  (*)  = 


=  0.30, 


Ttd  +  x^) 

1  _  j  A 

f2(x)  =  —-e  x  /4  =  0.27. 
2v7i 


C.  Estimators 

Now  we  can  get  the  estimators  using  McCulloch’s 
fractile  method: 


D.  Variance,  Skewness  and  Kurtosis  Measures 
To  calculate  the  kurtosis  and  the  average  skewness: 


n  median- mode 

p= - =-0.12, 

a 


there  is  a  convergence  in  mode,  median  and  mean  in 
symmetric  distributions,  therefore  is  shown  by  the 
following  equation: 

Mode  =  media-3  (media-median) 
-75.87=-72-3(-72+73) 

-75.87=-75 

Then  we  have  an  asimetrical  and  unimodal 
distribution  with  |3  2  f3  and  we  have  (3  =  -0. 12  . 


0  . ^0,95-^0.05  _  12+1.8  ^ 

a  %75-%25  0. 4+0.6 


To  detenninate  the  dispersion  coefficient,  its  used 
the  data  from  Table  2: 


an  estimate  of  a  can  be  found  from  Table  5.1  after 
[12],  using  linear  interpolation  is  obtained  a  =  1.563 
from  o  =  3. 


=  j  x-p}  dF 


Is  calculated  the  Hurst  parameter  to  quantify  the 
strength  of  the  fractal  scaling,  which  it  must  be  0  < 
H  <  1  then  H  =  0.64,  because  H  =  1/a  [13], 


»1=3. 
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The  asinunetry  and  average  skewness  is  the  next: 
Pj  =0.82 

P2=7.1 
yi=0.9 
y2  =4.1. 


■30  -20  -10  0  10  20  30 


With  the  moments  it  can  get  other  measures  of  the 
distribution 


n  =  M  = 


M-3  _  *3 
3/2  ,3/2 


^2 


Col_l 


Fig.  2  Stable  symetric  distribution  with  the  data 
from  the  Table  2. 

G.  Function  Spaces. 


Y2  =P2-3-^- 
»*2 


■3  = 


E.  Moments  and  cumulants. 

To  find  the  higher-order  moments  and  cumulants  we 
use  the  next  polynomials: 


In  order  to  generalize  is  considered  the  linear  span 
of  a  stable  process  like  a  Banach  space,  where  a 
=  1.5.  In  terms  of  signal  processing,  the  space  L  (L  in 
honor  of  Lebesgue)  is  the  space  of  functions  with 
finite  energy.  The  Lebesgue  integration  is  called 
measure  theory. 

V.  Conclusion. 


Table.  3  Moments  and  cumulants. 


Order 

Moments 

Cumulants 

1 

-1.85 

-1.85 

2 

13.7 

10.27 

3 

-33.6 

-65.27 

4 

698 

532.38 

Now  we  calculate  the  central  moments  with  the 
cumulant  with  order  1  equal  to  zero  from  the  tables 
of  David  &  Kendall  [14]: 


Table.  4  Central  moments 


Order 

Moments 

2 

10.28 

3 

-122.29 

4 

758.84 

F.  Goodness  of  fit. 


With  all  the  information  obtained  above,  it  proceeds 
to  estimate  a  graphic  with  a  non-Gaussian 
distribution  that  represents  the  behavior  of  the 
telephonic  noise  in  the  analogical  subscriber  loop: 


•  The  characteristic  exponent  with  a  value  of 
1.563,  means  that  it  lias  a  stable  distribution  for 
telephone  noise  in  the  subscriber  loop. 

•  To  show  the  behavior  of  telephone  noise  in  the 
subscriber  loop  with  a  stable  symmetric 
distribution  means  use  Banach’s  spaces  instead 
Hilbert’s  spaces  because  it  has  Lebesgue  spaces. 

•  The  quality  level  it  has  actually  is  not  the 
optimal,  because  it  lias  an  average  of  -72  dBp, 
when  it  should  be  about  -90  dBp,  beside  this 
kind  of  measurement  is  not  ruled  in  the 
telephone  operation. 

•  The  quality  specifications  are  directed  to  the 
basic  telephony  and  its  necessary  to  actualize  the 
norms  for  data  transmission  and  the  inemet  use. 
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A  SOFT  SYSTEMS  METHODOLOGY  -  SYSTEM  DYNAMICS 
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REGULATIONS  AND  STANDARDS  TO  COUNTER  FUTURE 

TERRORIST  THREATS 
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ABSTRACT 

Most  conventional  approaches  to  the  design  of  Electromagnetic  Conflict  (EC)  systems  are  "hard"  in 
nature,  which  presume  EC  to  be  a  static,  predictable  encounter.  This  forms  the  basis  of  the  standalone 
design  philosophy  for  EC  equipment  adopted  till  date,  from  which  flow  various  EMI  /  EMC  and  MIL 
standards.  This  reductionist  approach  is  doomed  to  failure  in  the  futuristic  complex  and  dense 
electromagnetic  environment,  as  Information  Operations  (10)  and  Information  Warfare  (IW)  become 
the  chosen  means  to  wage  war  against  established  authority  and  systems.  The  ultimate  objective  of  EC  is 
to  affect  the  man,  preferably  the  decision  maker,  and  not  the  individual  system(s)  per  se.  In  modern 
conflict,  especially  in  Operations  short  of  war  and  counter  terrorist  operations,  any  model  of  the 
prevalent  EC  environment  also  depends  on  non-quantifiable  factors  and  the  uncertainties  of  combat, 
which  contribute  to  system  entropy  and  emphasize  the  importance  of  the  human  decision  maker.  The 
terrorist  -  counter  terrorist  interaction  (system)  can  therefore  be  classified  as  a  Human  Activity  System 
(HAS).  The  authors  propose  a  holistic  system  design  philosophy  for  EC  systems,  based  on  the  System 
Dynamics  (SD)  approach,  incorporating  the  Soft  Systems  Methodology  (SSM),  to  achieve  a  realistic 
representation  of  the  terrorist  -  counter  terrorist  interaction  in  the  futuristic  electromagnetic 
environment  The  SSM-SD  paradigm  is  systematically  developed,  using  the  CATWOE  model,  system 
Root  Definition  (RD)  and  System  Dynamics  archetypes. 


INTRODUCTION 


The  next  Great  War  will  be  won  by  the  side  that  best  exploits  the  electromagnetic  spectrum  ” 

-  Admiral  Sergei  Gorshkov 

This  prophecy  of  the  longest  serving  Admiral  of  the  erstwhile  Soviet  Navy  has  come  true  in  the 
numerous  conflicts  that  have  taken  place  around  the  world  since  the  Second  World  War.  Today,  computers 
and  allied  networking  and  communication  technologies,  collectively  known  as  Information  Technology 
(IT),  have  rapidly  permeated  into  the  hierarchy  of  the  national  law  enforcement  maclunery,  including  the 
Armed  Forces.  The  contemporary  law  enforcer  or  warrior  cannot  afford  to  remain  insulated  from  the 
Revolution  in  Military  Affairs  (RMA),  that  has  made  information  the  most  powerful  weapon  in  the 
modem  arsenal. 


The  sheer  pace  of  technological  transformation  in  IT  is  causing  a  paradigmatic  shift  in  warfare 
itself,  as  well  as  in  Operations  Short  of  War  (OSOW),  changing  it’s  veiy  character  and  conduct  from  the 
Clausewitzian  principle  of  mass  concentration  to  demassification,  force  multiplication  and  information 
manipulation.  [1]  Today,  counter  terrorist  operations  form  a  major  chunk  of  OSOW.  Technology  is  a  great 
leveller,  which  can, change  power  equations  entirely.  Even  the  most  “powerful”  nation  faces  the  danger  of 
being  “out-clicked”  by  sundry  mafias  and  terrorist  organizations.  It  is  an  increasingly  difficult  task  to 
sustain  the  technological  asymmetry  against  terrorism.  Although  technological  advancement  serves  as  a 
prerequisite  for  RMA,  technology  by  itself  cannot  provide  complete  solutions.  Only  the  synergistic  effect 
of  common  preconditions  of  technological  developments,  doctrinal  innovation  and  organizational 
adaptation  alone  can  enable  full  realization  of  RMA. 
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TERRORISM  AND  THE  ELECTROMAGNETIC  SPECTRUM 

Terrorism  is  a  manifestation  of  conflict  in  human  society,  which  is  easy  to  recognize  but  difficult 
to  define.  By  it’s  very  nature,  any  model  of  the  terrorist  threat  to  human  society  is  frizzy,  incomplete  and 
characterized  by  high  entropy  content,  and  is  thus,  a  “soft”  problem.  A  conceptual  model  of  terrorism, 
based  on  David  Easton’s  Systems  Theory  [2],  is  shown  in  Fig.  1. 


FIG.  1 :  CONCEPTUAL  MODEL  OF  TERRORISM 

In  this  model,  terrorism  is  defined  as  a  political  phenomenon,  as  well  as  a  means  to  achieve 
political  goals.  For  the  purposes  of  this  paper,  the  means  perspective  is  of  interest.  Tlius,  terrorism  is 
defined  as  a  means  in  pursuit  of  realization  of  a  political  mission.  Violence  employed  by  terrorists  is 
tactical  in  nature,  to  convey  a  message  to  the  established  authority.  Contemporary  tools  of  violence 
(conventional  arms  and  explosives)  demand  professional  training,  and  hence  necessarily  involve  a  long  lead 
time  and  resources  for  training. 

Cyberterrorism  is  the  premeditated,  politically  motivated  attack  against  information,  computer 
systems,  computer  programs  and  data,  invariably  using  RF  links,  which  result  in  violence  against 
noncombatant  targets.  In  the  contemporary  polycentric  global  dispensation,  the  most  likely  and  realistic 
threat  is  that  of  Information  Warfare  (IW)  waged  by  subnational  groups,  clandestine  agents  or  simply 
disgruntled  individuals.  Organized  IW  encompasses  many  traditional  military  disciplines,  which  require  a 
new  structure  to  orchestrate  offensive  and  defensive  operations  at  the  physical,  informational  and 
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perceptual  levels  of  conflict.  IW  requires  restructuring  of  the  coordination  between  the  existing 
disciplines,  as  well  as  the  mindset  of  the  key  protagonists.  Today,  new  innovations  and  trends  cause  an 
order  of  magnitude  increase  in  the  tempo  (rate  of  change  of  action)  and  range  lethality  (action  at  a 
distance)  normally  associated  with  warfare  [3],  This  necessitates; 

>  A  holistic  approach  to  understand  the  complex  mosaic  of  IW,  tliat  has  dramatically  warfare  in  rather 
fundamental  ways,  and, 

>  A  unified  framework  from  which  to  design,  manage  and  coordinate  various  information  manipulation 
systems  and  functions,  which  requires  a  process  oriented  architecture,  wherein  the  entire  process 
from  system  conceptualization  to  deployment  is  imdertaken  by  a  multiskilled  team  of  designers  and 
users,  as  far  as  EMI  /  EMC  aspects  are  concerned. 

CYBERTERRORISM  AND  ELECTRONIC  WARFARE 

Electronic  Warfare  (EW)  is  the  most  well  known  form  of  Electromagnetic  Conflict,  and  it  is 
enlightening  to  analyze  cyberterrorism  tlirough  the  kaleidoscope  of  EW.  At  die  macro  level,’  EW  is  a 
subset  of  contemporary  IW.  Historically  EW  developed  as  a  series  of  electronic  countermeasures  (ECM)  to 
specific  electronic  systems.  To  understand  how  EW  interacts  with  electronic  systems  to  reduce  their 
effectiveness  or  deny  their  use  to  the  adversary,  the  ECM-ECCM  ladder  model  has  been  used  in  the 
past- [4 J  In  this  model,  an  electronic  system  results  in  a  counter  system  (ECM);  the  ECM  in  turn  causes  a 
counter-countermeasure  (ECCM)  to  be  implemented;  and  this  process  continues  ad  infinitum,  as  shown  in 
Fig.  2. 

FRIENDLY  ENEMY 


FIG  2:  THE  ECM-ECCM  LADDER 
The  following  conclusions  can  be  drawn  from  the  ladder  model  of  EW: 

>  It  tends  to  promote  a  binary  evaluation  of  E  W.  Either  it  works,  or  it  does  not,  depending  on  the  ladder 
rung  we  are  on. 

>  It  tends  to  concentrate  on  the  interaction  of  only  two  systems  rather  than  consider  the  complexity  and 
uncertainty  of  conflict,  where  many  systems  may  be  employed  simultaneously. 

>  It  excludes  the  human  and  organizational  factors  and  the  human  decision  maker  (choice  of  technique, 
whether  to  deploy  the  system  at  all),  hence  represents  the  "hard"  approach. 

This  conventional  hard  representation,  which  presumes  EW  to  be  a  static,  predictable,  one  on 
one  encounter,  forms  the  basis  of  the  standalone  design  philosophy  for  electronic  equipment  adopted  till 
recently.  Most  contemporary  EMI/EMC  standards  (MILSTDs,  EU  EMC  Directive  89/336/EEC,  IEC/TC 
77  etc.)  flow  from  this  philosophy.  Tliis  reductionist  approach  for  designing  EW  systems  was  suitable  for 
the  electromagnetic  environment  (EME)  of  the  1970s,  when  systems  were  few  and  non  interacting,  and 
terrorists  relied  on  conventional  weaponry  to  propagate  violence. 
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INADEQUACY  OF  EXISTING  EMI/EMC  PHILOSOPHY  IN  FUTURE 
ELECTROMAGNETIC  CONFLICTS 

The  electromagnetic  environment  and  the  tlireats  therein  have  increased  tremendously  in  density 
and  complexity  since  the  1970s.  Today,  signals  emitted  from  the  suspected  tlireats  must  not  only  be 
detected  and  tracked  by  ESM  systems,  but  they  also  need  to  be  differentiated  from  the  millions  of  pulses 
and  CW  emissions  from  allied  and  neutral  sources.  Severe  weather  and  propagation  conditions  and  hostile 
ECM  (practiced  by  well  financed  and  equipped  cyberterrorists)  further  deteriorate  the  electromagnetic 
environment. 

The  ultimate  objective  of  EW  is  to  affect  the  man,  preferably  the  decision  maker,  and  not  the 
individual  systems,  per  se.  In  modem  conflict,  any  model  of  the  prevalent  electromagnetic  environment  is 
fuzzy  and  incomplete,  because  the  real  effectiveness  of  an  EC  /  EW  system  depends  not  only  on 
quantitative  factors  such  as  the  position  on  the  ECM-ECCM  ladder  and  adherence  to  EMI/EMC  standards, 
but  also  upon  non-quantifiable  factors  and  the  uncertainties  of  conflict.  This  empliasizes  the  importance  of 
the  human  decision  maker.  Any  terrorist  -  counter  terrorist  interaction  (system)  can  therefore  be  classified 
as  a  Human  Activity  System  (HAS). 

Though  conventional  wisdom  suggests  that  every  electronic  system  has  to  be  either  compatible  or 
immune  to  EMI,  in  the  futuristic  electromagnetic  scenario,  systems  need  to  be  developed  which  will  enable 
the  law  enforcer  to  exhibit  counterintuitive  behaviour, [5]  which  can  be  used  as  an  add-on  deception 
technique  in  the  EC  /  EW  arsenal.  Without  a  holistic  approach  to  adapting  and  incorporating  EMI  /  EMC 
standards  and  practice  to  system  design  pliilosophy,  we  will  invariably  arrive  at  solutions  that; 

>  Attack  the  problem  piecemeal, 

>  Lead  to  suboptimization  at  the  expense  of  complete  system  improvement,  and, 

>  May  never  achieve  the  overall  aim. 

Tire  anticipated  dynamic  terrorist  -  counter  terrorist  interaction  in  the  futuristic  EME  is  pictorially 
depicted  in  Fig.  3.  [6]  This  representation  is  holistic,  and  is  thus,  a  “soft”  representation,  which  indicates 
the  need  for  the  Soft  Systems  Methodology  (SSM)  for  the  design  pliilosophy  of  electronic  systems. 
Therefore,  the  EC  /  EW  system  to  deal  with  terrorist  threats  in  the  future  can  be  described  completely  as  a 
combination  of; 

>  A  “hard”  part,  in  which  individual  systems  are  characterized  by  easy-to-define  objectives,  clearly 
defined  decision  making  procedures  and  quantitative  Measures  of  Performance  (MOPs),  and, 

>  A  “soft”  part,  in  which  objectives  are  hard  to  define,  decision  making  is  uncertain,  MOPs  are  at  best 
qualitative,  and  human  behaviour  is  unpredictable  and  irrational. 

DECEPTION 

The  tactical  deception  subset  of  EC  /  EW  can  be  viewed  as  a  viable  defensive  measure  that  can 
confuse  a  cyberterrorist  skilled  in  Information  Operations  (10).  Daniel  and  Herbig  [7]  qualify  deception  as 
“the  deliberate  misrepresentation  of  reality  done  to  gain  a  competitive  ach’antage ”.  There  are  three  goals 
in  any  deception; 

>  The  immediate  aim  is  to  condition  the  target’s  beliefs. 

>  The  intermediate  aim  is  to  influence  the  target’s  actions. 

>  The  ultimate  aim  is  to  benefit  from  the  target’s  actions. 
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FIG  3  :  THE  ANTICIPATED  TERRORIST  -  COUNTERTERRORIST  INTERACTION 
(SYSTEM)  IN  THE  FUTURISTIC  ELECTROMAGNETIC  ENVIRONMENT 


Deception  has  two  variants; 


>  Ambiguity  increasing  (A-type),  which  confuses  a  target  and  seeks  to  compound  die  uncertainties 
confronting  the  target’s  attempt  to  determine  the  deceiver’s  intentions.  A-type  deceptions  seek  to 
ensure  that  the  level  of  ambiguity  always  remains  liigh  enough  to  protect  the  secret  of  the  actual 
operation  or  database. 

>  Misleading  (M-type),  which  reduce  ambiguity  by  building  up  the  attractiveness  of  one  wrong 
alternative,  which  causes  the  target  to  concentrate  lvis  operational  resources  on  a  single  (false) 
contingency,  thereby  maximizing  the  deceiver’s  chances  for  prevailing  in  all  others. 

Although  die  two  variants  are  conceptually  distinct  and  can  be  initiated  with  different  intentions  in 
die  deceiver  s  mind,  their  effects  ofien  coexist.  How  one  characterizes  a  particular  deception  partly 
depends  on  die  perspective  one  takes.  The  outcome  of  the  variants  is  a  spectrum  ranging  from  convinced 
misdirection  at  one  end  to  utter  confusion,  in  which  all  possibilities  look  equally  likely,  at  die  otiier  end. 
It  is  illuminating  to  examine  parallels  between  Information  Operations  (10)  and  die  classical  Clausewitzian 
principles,  one  representation  of  which  is  the  Lanchester’s  Square  Law,  or  Lanchester’s  Law  of  Modern 
Warfare,  named  after  FW  Lanchester,  given  in  Equation  1  [8]; 

B02-B2  =  E  [  Ro2 -  R2  ] 


0) 
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Where,  R<>  and  B0  are  the  total  number  of  Red  and  Blue  combatants  respectively  at  the  start  of  the 
conflict,  and  R  and  B  represent  the  numbers  of  surviving  Red  and  Blue  combatants  at  any  given  time  t, 
after  the  battle  has  started.  E  is  the  consolidated  exchange  rate,  defined  as  the  ratio  of  the  average  number 
of  Blue  combatants  lost  to  that  of  Red  combatants  lost.  From  the  Lanchester  combat  theory,  we  can  distil 
the  following  Helmbold  type  equations,  which  represent  a  more  general  combat  model,  containing  many  of 
the  classic  homogenous  combat  models  as  special  cases: 

dR  /  dt  =  -  a(t).  B.  (R  /  B)  exp  (1  -  WB)  (2) 

dB  /  dt  =  -  b(t).  R  (B  /  R)  exp  {1  -  Wr)  (3) 

where  a,  b  are  positive  constants. 

In  equations  (2)  and  (3), 

>  “ Perfect  knowledge"  or  complete  information,  corresponds  to  the  aimed  fire  situation,  where  WR  =  WB 

“1, 

>  “ Ignorance ”  or  utter  confusion,  corresponds  to  the  area  fre  situation,  where  Wr  -  WB  -  0.5  (A-type 

deception),  and, 

>  “ Misinformation ”  corresponds  to  worse  performance  than  even  area  fire,  where  WR  =  WB  is  less  titan 

0.5. 

>  “ Total  misinformation ”  is  the  theoretical  limiting  case,  where  WR  =  WB  =  0,  which  implies  that  the 

combatant  fires  upon  himself.  In  this  case,  the  Helmbold  type  equations  reduce  to; 

dR/ dt  --  aR  and  dB/dt--  bB  (4) 

In  this  case,  the  more  units  a  combatant  possesses,  the  larger  are  the  combatant’s  losses,  the 
combatant’s  attrition  rate  is  proportional  to  the  number  of  units  he  possesses. 

EC  /  EW  MANAGEMENT  BY  THE  SOFT  SYSTEMS  METHODOLOGY  (SSM) 

Deception  involves  those  actions  executed  to  deliberately  mislead  adversary  decision  makers  as  to 
friendly  military  capabilities,  intent  and  operations,  thereby  causing  the  adversary  to  take  specific  actions 
that  will  contribute  to  tire  accomplishment  of  the  friendly  mission.  [9[  The  quantum  increase  in  EC  /  EW 
system  capabilities,  which  are  increasingly  being  driven  be  commercial  off-the  -shelf  (COTS)  products 
lias  led  to  network  centric  warfare.  This  is  warfare  unlike  any  other  warfare  in  the  past  because  it 
depends  upon  the  quality  and  quantity  of  appropriate  data  to  positively  change  the  behaviour  of  the  person 
receiving  it.  Any  tactical  deception  scheme  should  provide  a  perception  of  the  available  data  that  will 
change  the  behaviour  of  the  adversary  in  a  predictable  way,  based  upon  the  information  s/he  is  allowed 
to  intercept  or  intrude  upon.  Thus  the  aim  of  EC  /EW  is  to  influence  human  behaviour. 

A  Human  Activity  System  (HAS),  or,  soft  system,  as  it  is  called,  is  defined  as  a  system  in  which 
human  beings  interact  with  each  other  to  achieve  specific  teleology.  The  terrorist  -  counterterrorist 
interaction  in  the  futuristic  EME,  depicted  in  Fig.  3,  is  a  HAS  as  it's  specific  teleology  is  to  affect  human 
behaviour.  Peter  Checkland  of  the  University  of  Lancaster,  UK,  proposed  that  whenever  a  system  consists 
of  "hard"  and  "soft"  subsystems,  the  methods  used  for  engineering  the  technology  should  not  be  applied  to 
the  human  part  of  the  system.  SSM  was  developed  to  analyze  and  describe  the  relevant  aspects  of  the 
HAS,  and  how  it  interacts  with  the  technology  system.  [10]  A  HAS  is  a  purposeful  activity  by  people  ( the 
actors)  who  can  contribute  meaning  to  what  they  perceive  is  being  achieved  by  the  system  or  organization. 
Checkland's  observation  is  that  there  can  never  be  a  single  objective  of  a  HAS,  only  a  set  of  possible  views 
of  it,  according  to  the  Weltanschauungen  (world  view)  of  the  actors  in  and  around  the  system.  A  human 
being  perceives  and  cognizes  a  fact  through  a  set  of  sensory  mechanisms  and  stored  knowledge  base. 
While  die  world  presents  a  fact,  the  human  element  of  any  system  cognizes  the  fact  from  a  particular 
perspective  view,  or  Weltanschauung.  The  human  cognition  process  is  one  in  which  an  event  is  accepted 
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by  sensory  organs.  This  input  is  passed  tlirough  a  selective  attitude  filter,  which  only  passes  a  coloured 
version  of  the  original  input.  The  colour  is  introduced  due  to  a  bias  factor,  which  is  an  outcome  of: 

>  Long  term  memory 

>  Knowledge  base 

>  Conditioning 

Consequently,  die  S-R  (Stimulus-Response)  paradigm,  propounded  by  JP  Seward,  is  modified  into  the  S-A- 
R  (Stimulus-Attitude-Response)  paradigm.  The  SSM  is  depicted  pictorially  in  Fig.  4. 


1.  Problematical  situation 


■ 

M 

2.  Express  the  problem  situation 

- - - 

Rich  picture 

- 

3.  Formulate  Root  Definition  of  relevant 

Root  Definition  (RD) 

| 

system  of  purposeful  activity 

CATWOE ,  XYZ 

H 

- - — - W— 

4.  Build  conceptual  models  of  the  system 

Conceptual  Model 

| 

named  in  the  root  definitions 

-  - - 'w 

7  +/-  2  verbs 

m 

M 

5.  Compare  models  with  real  world  actions 

- — - 

Comparison  Table 

6.  Define  possible  changes  which  are  both 

Culturally  feasible 

desirable  and  feasible 

- — - — 

Systemically  desirable 

-H 

7.  Take  action  to  improve  problem  situation 

Realization 

FIG  4  :  THE  SEVEN  STAGE  MODEL  OF  THE  SOFT  SYSTEEMS  METHODOLOGY  (SSM) 
Root  Definition 

The  core  of  SSM  revolves  around  the  formulation  of  a  Root  Definition  (RD)  for  the  subject 
system.  The  RD  caters  for  the  cognitive  aspect  tlirough  the  CATWOE  model,  which  is  used  to  identify 
and  categorize  all  the  stakeholders  as  shown  in  Table  1.  A  stakeholder  is  any  individual,  group, 
organization  or  institution  that  can  affect,  as  well  as  can  be  affected,  by  any  changes  in  policy  of  the  subject 
system. 


A  complete  Root  Definition  (RD)  is  one  which  embodies  the  above  areas  in  an  explicit  way,  or 
failing  that,  any  of  these  areas  which  is  omitted,  should  be  omitted  consciously  and  with  good  reason.  The 
Weltanschauung,  however,  may  be  implicit.  A  complete  RD  may  be  expressed  as  ; 

A  system  to  do  X,  by  Y,  in  order  to  achieve  Z . 

A  HOLISTIC  SYSTEM  DESIGN  PHILOSOPHY  FOR  THE  FUTURISTIC 
ELECTROMAGNETIC  SCENARIO 


The  current  trend  is  towards  the  minimization  of  EMI  and  maximization  of  EMC.  From  the  EW 
point  of  view,  the  above  trend  reduces  the  vulnerability  of  friendly  systems  to  adversarial  Measurements 
and  Signature  Intelligence  (MASINT).  MASINT  feeds  on  *a  target  system’s  unintended  emissive 
byproducts,  or  "trails",  which  form  distinct  signatures.  These  signatures,  such  as  die  EMI  generated  by  an 
electronic  system,  can  be  exploited  as  reliable  discriminators  to  characterize  specific  events  or  disclose 
hidden  targets.  [11]  Conversely,  the  EMI  signature  can  be  deliberately  used  as  part  of  an  overall  ECM 
deception  strategy,  to  maximize  the  (mis)information  available  to  the  cyberterrorist,  with  the  aim  of  altering 
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his  /  her  behaviour  ,as  desired.  Thus,  a  paradigmatic  sliift  is  required,  from  risk  avoidance  at  all  cost  to  risk 
management ,  on  our  own  terms. 


Consideration 

Amplification 

Customer  (C) 

Client(s)  (of  the  activity),  beneficiary(s),  or  victim(s),  die  subsystem  affected 
by  the  main  activity(s).  The  indirect  object  of  the  main  activity  verb(s). 

Actor(s)  (A) 

The  agents  who  carry  out,  or  cause  to  be  carried  out,  die  transformation 
process(es)  or  activities  of  the  system. 

Transformation  (T) 

The  core  of  the  RD,  a  transformation  process  carried  out  by  the  system. 
Assumed  to  include  the  direct  object  of  the  main  activity  verb(s). 

HBBH1 

The  outlook  or  taken-for-granted  framew'ork  which  makes  this  particular  RD 
a  meaningful  one. 

Ownership  (0) 

Ownership  of  the  system,  control,  concern  or  sponsorship;  a  wider  system 
which  may  discourse  about  the  system.  A  system  that  can  change  of  stop  die 
Transformation. 

Environment  (E) 

(wider  system  constraints) 

Environmental  impositions;  perhaps  interactions  with  a  wider  system  other 
than  that  included  in  Ownership  above. 

TABLE  1:  THE  CATWOE  MODEL 

This  indicates  the  need  to  incorporate  a  subsystem  in  the  EC  /  EW  suite,  which  gives  the  tactical 
flexibility  to  the  law  enforcer  to  select  the  type  and  quantity  of  EMI  signature  that  s/he  desires  to  use  in  a 
given  scenario.  For  instance,  in  the  context  of  information  manipulation  functions,  the  case  of  deception 
can  be  represented  as; 

dv/dt  =  a  (1-u)  (1-v) ,  (5) 

where,  u,  v  represent  ignorance  of  friendly  and  adversarial  forces,  and 

(1-u),  (1-v)  represent  the  situational  awareness  (SA)  of  friendly  and  adversarial  forces. 

Equation  (5)  indicates  that; 

>  Success  is  dependent  on  the  individual  situational  awareness. 

>  The  more  we  know  about  the  adversary'  (through  our  MASINT).  the  more  effective  our  deception 
techniques  can  be. 

>  The  more  the  adversary  can  detect  and  know,  the  more  knowledge  s/he  has  to  lose  by  effective  friendly 
techniques. 

However,  when  viewed  in  isolation,  as  in  the  standalone  design  philosophy,  the  various 
information  manipulation  functions,  like  suppression  of  EMI,  could  well  be  employed  at  cross  purposes, 
and  end  up  substantially  negating  one  another.  For  instance,  the  system  designer's  strict  adherence  to 
EMI/EMC  standards  based  on  the  standalone  design  pliilosophy  will  clash  with  the  law  enforcer’s 
requirement  of  tactical  deception  in  a  unified  EC  /  EW  system.  Such  a  situation  can  be  pictorially  depicted 
by  the  accidental  adversaries  archetype  of  system  dynamics  112],  shown  in  Fig.  5. 

CONCLUSION 

The  differing  perceptions  between  the  designer  and  the  user  in  the  context  of  the  utility  of  EMI  can 
be  modelled  using  the  CATWOE  model  described  earlier,  as  shown  in  Table  2.  As  is  evident,  the  most 
significant  difference  between  the  perceptions  of  the  system  designer  and  the  user  (law  enforcers  and  , 
counterterrorism  forces)  is  in  the  Weltanschauungen,  and  consequently,  the  Root  Definitions  of  the  system. 
This  is  die  core  issue  that  needs  to  be  addressed  from  the  EMI/EMC  viewpoint,  if  EC  /  EW  systems  are  to 
remain  effective  in  die  complex  electromagnetic  environment  of  the  future. 
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FIG  5:  THE  SYSTEM  DESIGNER  AND  TACTICAL  USER  AS  ACCIDENTAL  ADVERSARIES 
IN  THE  CONTEXT  OF  DESIRABLE  EMI  IN  AN  EC  /  FAY  SYSTEM 


Consideration 

The  Designer's  perspective 

The  user's  perspective 

Customer  (C) 

The  law  enforcers/counterterrorists 

The  law  enforcers/counterterrorists 

Actors  (A) 

The  design  team  &  users 

The  design  team  &  users 

Transformation  (T) 

Design  &  Development  of  effective 
EC/EW  systems. 

Use  of  the  EC  /  EW  systems  with 
maximum  effect  in  a  given  scenario. 

Weltanschauung  (W) 

Maximum  inter/intra  system  com¬ 
patibility,  adherence  to  existing 
EMI/EMC  standards.  Aim  is  to 
minimize  EMI  &  maximize  EMC. 

Seamless  integration  into  a  unified 
10  network.  Option  to  use  EMI 
signature  to  deceive  enemy  MASINT. 
Minimized  EMI  may  not  be  desirable 
in  a  dense  EW  scenario. 

Owner  (0) 

The  design  organization 

The  user  force 

Environment  (E) 

EMI/EMC  standards,  MILSTDs. 
advances  in  electronics  &  computers. 

EMI/EMC  standards,  MILSTDs, 
advances  in  electronics  &  computers. 

Root  Definition  (RD) 

A  design  organization  owned 
system  comprising  the  design  team 
for  the  development  of  EC  /  EW 
systems  ensuring  adherence  to 
EMI/EMC  standards,  minimizing 
EMI  &  maximizing  EMC. 

A  user  force  owned  system  for 
effective  conduct  of  EW  within  a 
unified  10  network,  to  defeat  the 
(human)  terrorist  with  deception 
ECM,  for  which  a  controllable 
threshold  of  EMI  is  desirable. 

TABLE  2:  COMPARATIVE  CATWOE  MODELS  OF  THE  SYSTEM  AS  PERCEIVED  BY  THE 

SYSTEM  DESIGNER  AND  USER 
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Information  Technology  and  it’s  numerous  offshoots  are  redefining  conflict  as  we  know  it.  It  lias 
created  the  fifth  dimension,  the  cyberspace,  where  most  conflicts  will  be  take  place  in  the  future,  after 
land,  sea,  air  and  space.  In  tliis  dimension,  we  can  expect  to  face  nontraditional  tlireats  and  adversaries, 
like  terrorists,  criminals  and  distant  rogue  states.  Armed  with  the  right  technologies  and  modest  budgets, 
these  adversaries  will  be  capable  of  inflicting  great  damage  upon  both  military  and  civilian  targets. 
Addressing  the  threat  from  an  enemy  nation  is  one  circumstance,  but  the  risks  arising  from  terrorist  activity 
will  raise  the  ambiguity  level,  as  it  will  be  extremely  difficult  to  find  just  who  the  adversary  is  and  what 
s/he  can  do.  An  IW  attack  can  be  mounted  from  anywhere,  at  any  time,  and  can  be  conducted  from  a 
distance  via  RF  links  or  international  communication  networks.  In  such  cases,  the  conventional  tactic  of 
retaliation  in  kind  and  in  proportion  will  be  difficult  to  implement,  because  the  attacker’s  information 
dependence  may  be  entirely  different  from  that  of  the  victim. 

Confronted  with  such  a  scenario,  we  feel  it  is  more  prudent  to  concentrate  on  the  defensive  aspect 
of  IW,  with  limited  strike  /  offensive  capability  to  attack  a  belligerent,  when  his  /  her  identity  is  known  and 
his  /  her  information  base  is  vulnerable.  As  human  society  becomes  increasingly  reliant  on  electronic 
gadgetry,  computers  and  networked  connectivity,  we  must  expect  IW  attacks  as  a  matter  of  course.  Tactical 
and  defensive  deception  is  an  effective  answer  to  such  threats.  Witli  the  deliberate  use  of  EMI,  the 
adversary  can  be  enticed  to  attack  on  our  own  terms,  so  that  we  can  control  what  s/he  accesses  and  lead 
him/her  to  believe  s/he  has  succeeded.  In  doing  so.  the  paramount  goal  of  IW,  that  of  influencing  the 
enemy's  perceptions  to  suit  our  aims  and  cause  him/her  to  act  in  a  more  predictable  manner,  would  have 
been  achieved. 

This  calls  for  a  twin  track  approach.  One  is  to  revamp  the  electronic  system  design  philosophy  to 
facilitate  seamless  integration  of  systems  into  a  unified  10  network.  The  second  is  to  encourage  "out-of- 
the-box"  thinking  to  respond  to  the  emerging  tlireats.  We  propose  the  SSM-SD  approach  to  achieve  both 
the  objectives. 
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The  subject  of  this  paper  is  the  EMC  analysis  of 
ship  radiocommunication  systems.  Especially  the  EM 
coupling  effects  between  the  antenna  systems,  as  well 
as  the  influence  of  the  antennnas  localization  on  the 
electric  field  strenght  distribution  at  the  ship  deck  are 
analysed.  The  results  of  the  theoretical  and 
measurement  investigations  are  presented.  First,  the 
EMC  problems  on  a  ship  are  introduced.  Next,  the  EM 
coupling  analysis  of  ship  antennas  by  use  of  the  thin 
wire  modelling  method  is  presented.  The  obtained 
theoretical  results  are  partially  verified  by 
measurements.  In  conclusion,  taking  into  account  the 
carried  out  research,  the  indications  for  a  EMC  project 
procedure  radiocommunication  systems  are  proposed. 

1. INTRODUCTION  -  EMC  PROBLEMS  ON  A  SHIP 

The  maritime  radiocommunication  service  should 
assure  two  direction  communication  on  sea-land  paths 
and  on  ship  to  ship  paths,  in  order  to  guarantee  the 
safety  of  navigation  and  the  security  of  human  life  and 
property  on  the  sea.  For  this  reason  the  ships  of  the 
mercantile  marine  as  well  as  the  fleet  navy  are 
equipped  in  a  large  number  of  different 
radiocommunication  installations.  All  these 
equipments,  especially  the  ship  antenna  system,  radiate 
electromagnetic  fields,  wanted  and  unwanted.  In  such 
circumstances  a  carefully  realized  EMC  analysis  and 
suitable  measurements  are  necessary  to  warrant  that  an 
undisturbed  employment  of  all  radio  installations  will 
take  place. 

The  design  of  the  ship  radiocommunication 
systems  requires  that  all  antennas  should  be  located 
within  a  limited  area,  i.e.  at  the  same  ship  on  a 
common  or  a  different  deck.  In  this  situation  the 
influence  of  the  deck  architecture  on  the  antenna 
properties,  as  well  as  the  mutual  coupling  between  the 
ship  antennas  have  been  examined.  A  typical  effect  of 
this  coupling  is  the  worsening  of  the  antenna  directivity 
properties,  as  well  as  the  change  of  the  input  impedance 
of  the  ship  antennas.  The  mentioned  last  fact  influences 
negative  on  the  impedance  adjustment  between  the 
antennas  and  the  ship  radiocommunication  equipments. 


Another  coupling  problem  is  the  fact  that  on  the 
input  of  a  monitoring  receiver  unwanted  signals  are 
induced  due  to  the  power  transmitted  by  the  ship  radio 
equipments. 

Taking  into  account  the  safety  conditions  of 
peoples  on  a  ship,  the  distribution  of  the  electric  field 
strenght  and  the  distribution  of  the  field  power  densitiy 
at  several  different  ship  decks  should  be  known  to 
determine  the  emergency  zones,  especially  under  the 
main  deck  in  the  marines  cabins. 

Another  problem  of  great  practical  importance  is 
connected  with  the  mentioned  above  negative  influence 
of  the  electric  field  on  ship  automatic  systems.  The 
unwanted  field  strength  can  disturbe  the  operation 
conditions  of  these  systems. 

2.  SHIP  ANTENNAS  EM  COUPLING  ANALYSIS 

The  antennas  of  the  ship  radiocommunication 
systems  have  a  linear  structure,  especially  a  monopole 
antenna  -  in  practice  called  as  wip  antenna  -  is  the 
main  type  of  the  ship  antennas  [1], 

The  ship  antennas  em  coupling  event  can  be 
presented  in  the  schematic  form,  as  it  is  shown  in  fig.  1. 


ship  deck  (ground  plane) 


Fig.  1 .  Schematic  form  of  the  ship  antennas  coupling 

Taking  into  account  the  ship  antenna  operation 
conditions  -  the  installation  of  the  ship  antenna  over  a 
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ground  plane  in  form  of  the  ship  deck  -  see  fig.  2,  the 
wire  model  of  the  analysed  ship  linear  antennas  and  the 
masts  installed  on  the  ship  deck  have  the  form  of  a 
symetrically  dipole  antenna  array,  as  it  is  shown  in  fig. 
3.  Therefore,  the  analysed  ship  antennas  and  masts  can 
be  represented  as  parallel  thin  wires  with  appropriate 
lenghts. 


Transmitter 
or  Receiver 
Equipment 


monopole  antenna 


shipdeck  (ground  plane) 


The  main  parameter  of  the  coupling  phenomena 
between  analysed  ship  antennas  is  the  current 
distribution  along  the  lenght  of  the  antennas.  The 
application  of  the  wire  model  is  intend  to  calculate  the 
current  distribution  and  next  to  determine  the  coupling 
ratio  between  selected  ship  antennas,  taking  into 
account  the  presence  of  other  antennas  and  ship  masts. 

When  the  ratio  of  the  radius  to  length  of  the  ship 
antenna  is  small  -  the  condition  have  place  in  practice  - 
the  only  one  significant  component  of  the  antenna 
current  distribution  is  the  axial  component,  which  can 
be  expressed  in  coordinate  system  as  shown  in  fig.  3,  by 
the  following  integro-diffrential  equation: 

^  d2  Vf 

~+k2  \  \[l{z')-(^z,z')\dz=-j4n-to-z-E{z),  (1) 

)Jh 


antenna  image 


Fig.  2.  The  monopole  antenna  over  ship  deck 
T  ransmitter 


Fig.  3.  The  wire  model  of  the  ship  linear  antennas 


where: 


/(*') 

E{z) 


current  density, 
axial  component  of  the 


electric  field  strenght, 

G ( z ,  z' ' )  -  free  space  Green  function, 

k  -  wave  number. 

For  N  ship  linear  antennas,  the  antenna  array 
can  be  described  by  the  set  of  equations,  which  is  given 
bellow: 


f  a2 
ydz7 


\Jf 


/,(z')-G(z,z')](fe'=  -/47t-o>  -e-E^z), 


J  '=i  -h, 


(2) 

'  d1  ^  N 

—T  + 1(2  JX  j[7'  (z’)  ‘  G(z>2')]dz' =  -/4  k  •©  -s  •  En  (z). 

The  equation  set  (2)  can  be  described  in  the  integro- 
differential  operator  short  form  as: 

i=l 

(3) 


{/,(*')}  =  £„. 

1=1 

The  set  of  operator  equations  (3)  has  been  solved 
by  use  of  the  method  of  moments  procedure  [2], 
Applying  the  above  mentioned  procedure,  the  operator 
equations  set  (3)  can  be  described  as  a  set  of  algebraic 
equations  in  the  following  matrix  form: 
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[z]-[«Hn  w 

in  which:  [Z]  -  impedance  matrix  with  elements 

adequated  for  integro-differential 
form  of  equation  (1), 

[F]  -  matrix  of  the  known  functions 

excited  ship  transmitter  antennas, 

[a]  -  matrix  of  the  unknown  coefficients  of 

the  unknown  ship  antenna  current 
distribution  due  to  the  moments 
method  approximation,  described  as: 


where  bim(z')  denotes  the  m-th  basis  function 

applied  to  approximation  of  current  distribution  in  the 
i  —  th  ship  antenna.  Calculating  the  current  density 
distributions  along  the  analysed  ship  antennas  one  can 
determine  the  value  of  the  coupling  ratio  Cl}  between 
the  selected  i  —  th  and  j  —  th  ship  antennas,  which 
dependences  on  the  power  P.  radiated  by  the  i  -  th 
antenna  and  the  power  Pj  induced  in  the  j-th 

antenna.  The  above  mentioned  coupling  ratio  can  be 
described  in  the  following  form  -  as  seen  from  fig.  1 : 


c  -5. 

W  p  ’ 


in  which: 


where  zLj  denotes  the  impedance  loaded  the  j  -  th 
ship  receiver  antenna. 

If  the  coupling  ratio  is  known,  then  one  can 
calculate  the  value  of  the  voltage  V,  induced  on  the 

j  -  th  receiver  due  to  the  power  P.  of  the  i  -  th 
transmitter: 


3.  THE  THEORETICAL  AND  MEASUREMENT 
INVESTIGATIONS 

The  presented  coupling  model  first  of  all  has  been 
tested  numerically  and  next  has  been  verified  by 
measurements.  The  wip  radiocommunication  antennas 
have  been  installed  on  main  ship  deck.  The 
localizations  of  the  antennas  are  shown  in  fig.  4. 


A  transmitter  antenna 
©  receiver  antenna 


Fig.  4.  The  localization  of  wip  ship  antennas 

The  coupling  analysis  was  made  for  different 
frequencies  and  different  power  of  the  ship  transmitter 
equipments,  with  the  aim  to  determining  the  values  of 
the  voltages  induced  on  the  inputs  of  the  ship  receivers 
due  to  the  power  radiated  by  the  transmitter  antenna. 
The  lenght  of  the  transmitter  antenna  was  10  m  and  the 
lenghts  of  the  receiver  antennas  were  6  m.  The 
differencies  between  theoretical  and  experimental 
results,  for  the  localization  of  the  ship  antennas  on  the 
deck  as  it  is  shown  in  fig.  4,  were  not  greater  than  30%. 
These  differencies  arises  from  the  fact  that  the 
conducting  structure  of  the  ship  deck  with  their 
building  form  influence  on  the  antennas  operation 
conditions  to  a  high  degree.  However,  the  accuracy  of 
the  obtained  results  is  good  for  practical  engineering 
applications  [3], 

Taking  into  account  the  safety  conditions  of  the 
peoples  on  a  ship,  the  electric  field  strenght  distribution 
and  the  field  power  density  distribution  on  different 
ship  decks  were  measured  to  determining  the 
emergency  zones,  especially  under  the  main  deck  in  the 
marines  cabins.  The  field  attenuation  due  to  the  deck 
structure  has  been  investigated  by  means  of 
measurements.  The  obtained  results  for  different 
frequency  bands  are  shown  in  fig.  5. 

At  the  end,  an  unwanted  radiation  effect  of  the 
ship  antennas  switchboard  has  been  observed,  which 
negative  influences  on  the  ship  automatic  systems  and 
disturbed  the  operation  conditions  of  these  systems. 
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The  presented  model  for  the  coupling  analysis 
between  antennas  on  the  ship  deck  has  been  tested 
numerically  and  was  verified  by  the  measurement  way. 
The  coupling  of  the  wip  radiocommunication  antennas 
installed  on  the  main  ship  deck  was  invetigated.  This 
coupling  analysis  was  made  for  different  frequencies 
and  different  power  of  the  ship  transmitter  equipment, 
with  the  aim  to  determining  the  values  of  the  voltages 
induced  on  the  inputs  of  the  ship  receivers  due  to  the 
power  radiated  by  the  transmitter  antenna.  Coincidence 
between  theoretical  and  measurement  results  satisfied 
practical  requirements. 

The  electric  field  strenght  and  the  field  power 
density  distribution  on  the  ship  different  decks  were 
measured  to  determining  the  emergency  zones, 
especially  under  main  deck  in  marines  cabins.  The  field 
attenuation  due  to  the  deck  structure  has  been 
investigated  too. 

Taking  into  account  the  all  obtained  results,  one 
come  to  the  conclusion  that  the  two  antenna  groups,  i.e. 
transmitter  and  receivers  antennas,  should  be  separated 
on  ship  deck  with  possible  long  distance.  For  example 
transmitter  antennas  should  be  at  the  ship  stern  and 
receiver  antennas  on  the  bow  part  of  the  ship  deck. 
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High-frequency  electromagnetic  noises  created 
by  electrical  equipment  of  substation  reflect  in  a 
great  degree  its  serviceability  state  or  proximity  of 
failure.  Principles  for  constructing  of  diagnostics 
model  on  the  basis  of  measuring  electromagnetic 
noises  are  discussed.  Question  of  generating  and 
distributing  noises  at  a  substation  are  analyzed. 
Equipment  circuits  for  measuring  noises  and 
equations  describing  the  solution  of  diagnostics 
problem  are  considered.  Some  experimental  dates 
are  presented. 

1.  NOVEL  USE  OF  EMC 

The  operation  of  the  electric  power  equipment 
is  always  accompanied  by  its  own  intensive 
electromagnetic  radiation  with  a  wide  frequency 
band.  For  instance,  it  was  experimentally  found, 
that  the  electromagnetic  field,  which  is  emitted  by 
electrical  equipment  on  outdoor  substation  by 
voltage  >220  kV,  is  observed  up  to  frequencies  of 
hundreds  and  even  thousand  megahertz.  The 
spectrums  and  the  radiation  levels  of  different 
parts  of  equipment  essentially  differ  from  each 
other.  Sources  of  radiation  are  partial  and  corona 
discharges,  breakthrough  at  switching, 
thunderstorm  overvoltage,  etc. 

Thus,  the  overwhelming  number  of  high- 
voltage  and  electric  power  equipment  is  a  source 
of  radio  interference.  Despite  of  small  power 
compared  with  radio  station  these  man-made 
interference  substantially  determine  an 
electromagnetic  environment  in  a  radio-frequency 
range.  The  dependence  of  the  interference  from 
the  frequency  is  investigated  well  enough. 
Devices,  which  emit  the  signals  of  continuous  and 
discontinuous  operation,  create  the  interferences 
with  a  frequency  spectrum  usually  up  to  several 
megahertz.  The  single  signal  with  a  steep  front  has 
wider  spectrum,  than  continuous  signals.  The 


grouped  together  impulses  (for  example,  from 
partial  discharges)  create  the  interferences  in  the 
widest  frequency  band. 

The  detection  and  elimination  of 
electromagnetic  noises  from  different  industrial 
equipment  is  one  of  the  main  problems  in  support 
in  a  normal  conditions  of  activity  of  radio 
electronics  equipment  [1],  The  majority 
investigations  in  the  field  of  electromagnetic 
compatibility  is  devoted  to  this  problem. 

On  the  other  hand  electromagnetic  signals, 
emitted  by  the  high-voltage  and  electric  power 
equipment,  can  show  a  serviceability  or  faults  of 
this  equipment.  This  circumstance  allows  to 
generate  a  new  direction  in  the  field  of  an 
electromagnetic  compatibility,  namely,  diagnostics 
of  an  electric  power  equipment  on  the  basis  of 
measurement  and  analysis  of  high-frequency 
electromagnetic  noises.  The  main  advantage  of 
suggested  method  is  the  minimum  meddling  in  the 
technological  process.  The  data  of  regular  or 
periodical  measurements  can  be  the  base  for  early 
warning  about  the  tendencies  of  the  state  of  the 
technical  equipment. 

2.  THE  PROBLEMS  OF  CONSTRUCTION  OF  A 
DIAGNOSTICS  MODEL 

The  analysis  of  availability  index  of  product  of 
the  object  presupposes  the  creation  of  a  diagnostic 
model  [2].  For  its  creation  it  is  necessary  to  study 
the  following  problems:  1)  physical  nature  of 
interfering  sources;  2)  influence  of  environmental 
conditions  to  intensity  and  levels  of  signals;  3)  the 
paths  of  propagation  of  interferences  from  a 
source  to  a  receiving  antenna.  It  is  necessary  to 
distinguish  the  elements  of  the  equipment  and 
elements  of  the  diagnostic  model.  So,  the 
transformers  and  switches  are  the  elements  of  the 
equipment  of  electrical  substation.  But  their  parts, 
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whose  faults  are  coupled  with  appearance 
electromagnetic  noises,  select  as  elements  of 
diagnostic  model.  For  example,  it  can  be  the  high- 
voltage  leads-in. 

The  study  of  the  processes  of  creation  of 
signals  in  the  elements  of  diagnostic  model  allows 
not  only  to  determine  diagnostic  parameters  of 
signals,  but  also  to  create  the  database  for  a 
construction  of  common  diagnostic  model  by 
classificating  of  these  parameters. 

3.  CONSTRUCTION  OF  A  DIAGNOSTICS 
MODEL 


The  connection  between  sources  of 
electromagnetic  radiation  and  measured  voltages 
must  be  written  down  in  the  matrix  form: 

U(j<»)  =  K(jm)  E(jfi>), 

where  U(jra)  and  E(j©)  are  spectrum  vectors  of 
voltages  and  sources  respectively,  K  (j®)  is  matrix 
of  complex  factor  of  a  transfer. 

If  the  matrix  K(j©)  is  a  square,  the  decision  will 
look  like: 

E(ja>)  =  K'V)  UG®). 


The  main  source  of  electromagnetic  radiation 
at  substation  is  its  capital  equipment.  Let  us 
assume  that  the  registered  signal  is  a  linear 
function  of  its  source.  The  total  equivalent  circuit 
shown  in  figure  1  corresponds  to  the  model  where 
ei(t),  6j(t)  ...  e„(t)  are  electromotive  forces  of  n 
equivalent  sources  of  electromagnetic  radiation, 
ui(t),  Uj(t)  ...  um(t)  are  voltages  of  m 
electromagnetic  radiation  measured  in  different 
parts  of  substation. 


Fig.  1 .  The  total  equivalent  circuit 

The  complex  resistances  in  figure  1  correspond 
to  the  real  electrophysical  characteristics  of  air  and 
to  the  presence  of  large  number  of  units  of 
connections.  The  analysis  of  the  sources  of 
radiation  can  be  presented  as  a  generalized 
equivalent  circuit  shown  in  figure  2. 


The  spectrum  voltages  provide  possibility  to 
determine  the  spectrum  of  sources  of  a  signal.  The 
dynamics  of  change  of  voltages  are  connected 
with  serviceability  state  of  elements  of  the 
electrical  equipment.  For  example,  in  figure  3  the 
spectrum  voltages  were  measured: 
a  -  near  the  autotransformer  of  500  kV, 
b  -  near  the  current  transformer  of  500  kV, 
c  -  outside  of  power  equipment. 
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One  of  the  main  problems  for  the  creation  of  a 
diagnostic  model  is  determining  of  the  elements  of 
matrix  KG©)  .  Theoretically,  this  problem  can  be 
solved  by  methods  of  diagnostics  of  the  multipolar 
circuits  [3].  The  number  of  sources  of  signals  is 
usually  more  than  number  of  measured  voltages, 
that  is  n  >  m.  Then  the  test  methods  of  diagnostics 
are  expedient  for  the  decision  of  this  task. 
According  to  these  methods  it  is  possible  to  make 
changes  in  the  circuit  of  the  power  equipment  at 
the  substation,  including  modes  of  complete 
switching-off.  Then  in  this  case  it  is  possible  to  find 
the  test  matrix  KtG©)  for  p  >  m/n  experiments, 
based  on  the  various  circuits  of  electric 
equipment,  its  elements  are  zero  if  the  equipment 
is  switched-off.  The  new  test  equation 

UtG©)  =  KtG®)  EQo) 

can  also  be  solved  regarding  a  vector  of  sources 
of  radiation.  Naturally,  the  inexactitudes  of 
measurements  of  high-frequency  signals,  variation 
of  meteoconditions  and  other  factors  can  interfere 
with  the  reception  of  reliable  results.  The  regular 
supervision,  accumulation  of  databank  and  use  of 
statistical  methods  can  essentially  increase  the 
reliability  of  methods  of  diagnostics  of  electric 
power  equipment. 
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Abstract 

The  paper  deals  with  measurements  of 
interference  observed  in  adjacent  channel  during 
radiocommunication  transmitter  transient  states. 
The  method  using  digital  filtering  for  signal 
envelope  power  evaluation  is  proposed. 
Application  of  wavelet  transform  for  signal  de- 
noising  is  presented  and  discussed.  The  paper 
contains  results  of  simulations  as  well  as 
measurements  of  an  exemplary  transmitter. 


1.  INTRODUCTION 

During  transient  states,  which  usually  occur 
when  transmitter  is  switched  on  or  off,  the 
transmitter  can  be  a  source  of  interference 
endangering  communication  in  adjacent  channels. 

According  to  the  most  of  EMC  specifications 
concerning  radiocommunication  equipment  the 
basic  tests  depend  on  determination  of  RF  power 
and  carrier  frequency  plots  as  a  function  of  time. 
More  complex  measurements  are  carried  out  in 
case  of  transmitters  intended  for  transmission  of 
data  (e.g.  radio-modems,  cellular  phones  etc.) 
They  consist  in  evaluation  of  RF  power  delivered 
to  adjacent  channels.  Generally,  the  point  of  the 
test  is  to  catch  a  peak  value  of  RF  power  detected 
in  adjacent  channels  during  transient  state.  The 
signal  is  measured  at  the  output  of  the  strictly 
defined  band-pass  filter  tuned  to  the  nominal 
frequency  of  the  adjacent  channel.  Requirements, 
the  filter  should  fulfil,  depend  on  measured 
equipment.  For  transmitters  intended  for  data 
transmission  the  filter  attenuation  outside  the 
adjacent  channel  should  be  greater  than  90  dB  [5], 
In  case  of  cellular  equipment  filter  specification  is 
less  stringent  (eg.  GSM  phones  should  be  tested 
with  five-pole  30  kHz  filter  [4]). 

An  exemplary  test  arrangement  is  presented 
in  fig.  1.  The  tests  are  performed  for  transmitters 
equipped  with  antenna  connector  as  well  as 
transmitters  with  integral  antennas.  In  the  latter 
case  the  use  of  specialised  coupling  device  is 
necessary.  Unfortunately  the  device  introduces 


attenuation  in  the  signal  path.  It  can  deteriorate  the 
signal-to-noise  ratio  and  thus  can  increase 
measurement  uncertainty. 


Fig.  1.  Test  arrangement  for  adjacent  channel 
transient  power  measurements. 

The  paper  contains  proposal  of  the  method 
that  implements  digital  filtering  and  wavelet 
transform  for  measurement  of  transmitters  during 
transient  states. 


2.  WAVELET  TRANSFORM 


Wf(u,s)  =  \f{t) 
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The  wavelet  transform  (1)  converts 
time-domain  signal  f(t)  to  its  time-scale 
representation  Wf(u,s).  Function  y  is  so  called 
mother  wavelet,  s  and  u  correspond  to  scale  and 
shift  in  time  respectively.  Scale  value  corresponds 
to  frequency  value  so  the  transformation  results  in 
time-frequency  representation  of  the  signal. 
Time-frequency  signal  energy  density  can  be 
expressed  by  scalogram  -  squared  modulus  of  the 
wavelet  transform.  Scalogram  maxima  can  be 
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used  for  evaluation  of  signal  transient  frequency.  wavelet  (6)  (fig.  1 ). 

Signal  can  be  reconstructed  from  its  wavelet 
transform  according  to  formulae  (2,3).  ✓  ^  _  g^e~Ji‘ 


where 
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y)  -  Fourier  transform  of  y 
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(3) 


where  g(t)  is  a  Gaussian  window: 


(6) 


(7) 


Equations  mentioned  so  far  describe 
continuous  version  of  the  wavelet  transform. 
Computer  calculations  require  discretisation  in  time 
and  scale  domains.  Usually  scale  and  shift  in  time 
are  discretised  in  the  following  way. 


s  =  2N 

m 

(4) 

u  =  nu02N 

(5) 

where:  m,n  -  integers,  N  -  number  of  voices 
(intermediate  scales  per  octave). 

The  choice  of  u0  and  N  values  should  be 
done  very  carefully  in  order  to  provide  precise 
signal  reconstruction.  These  aspects  are  covered 
by  wavelet  frame  theory  [1][2], 

Wavelet  transform  can  be  used  for  effective 
reduction  of  noise.  The  method  known  as 
time-variant  filtering  consists  in  reconstruction  of 
the  signal  from  its  modified  time-frequency 
representation.  The  most  popular  methods  of 
modification  use  various  ways  of  wavelet 
coefficient  thresholding  [2],  Hard  thresholding 
method  requires  all  coefficients  lying  below  the 
threshold  to  be  set  to  zero.  In  case  of  soft 
thresholding  [3]  coefficient  modification  depends 
on  relation  between  the  threshold  and  coefficient 
value.  More  sophisticated  solutions  assume 
elimination  of  wavelet  transform  coefficients  lying 
outside  the  ridge  regions. 

The  advantage  of  such  de-noising  methods 
originates  from  the  fact  that  apart  from  traditional 
filtering  they  can  diminish  the  noise  in  the  signal 
bandwidth.  The  method  can  improve  signal  to 
noise  ratio  up  to  several  decibels. 


3.  DESCRIPTION  OF  THE  MEASUREMENT 
METHOD 

The  essence  of  the  proposed  method  is  the 
calculation  of  required  parameters  using  set  of 
transmitter  output  signal  samples. 

Simulations  and  measurements  described  in 
the  paper  have  been  done  with  the  use  of  Gabor 


Fig.  2.  Gabor  wavelet  in  time  and  frequency 

domains  (;/= 5,  a=  1). 

After  calculation  of  the  signal  time-scale 
representation  the  wavelet  transform  coefficients 
have  been  modified  using  hard  thresholding 
method.  The  threshold  value  was  established  by 
means  of  computer  simulation.  Calculations  utilise 
approximate  value  of  the  recorded  signal  to  noise 
ratio. 

Before  digital  filtering  reconstructed  signal 
was  zero-padded.  This  extension  was  necessary 
because  of  discrete  convolution  properties. 
Number  of  zeroes  relates  to  the  length  of  the 
adjacent  channel  filter  impulse  response.  Zero¬ 
padding  can  be  used  for  extension  of  the  data 
record  to  the  power  of  two  value  which  provides 
reduction  in  time  of  calculations.  Output  signal  is 
calculated  as  the  inverse  FFT  from  the  product  of 
signal  spectrum  and  filter  frequency  response. 


4.  COMPUTER  SIMULATIONS 

Computer  simulations  covered  two  aspects 
of  discussed  method:  noise  level  at  the  fitter  output 
and  determination  of  threshold  level  to  be  used  by 
de-noising  procedure.  Calculations  have  been 
made  with  the  filter  which  frequency  response  is 
presented  in  figure  3.  The  digital  filter  corresponds 
to  the  RBW  filter  of  the  spectrum  analyser.  Results 
obtained  from  this  instrument  were  used  as  a 
reference  during  measurements  described  below. 
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A  [dB] 


Fig  3.  Spectrum  analyser  filter  characteristics 

Noise  level  at  the  output  of  adjacent  channel 
filter  can  be  calculated  with  analytical  methods.  In 
case  of  less  regular  filter  frequency  response  it  can 
be  easily  determined  using  appropriate 
simulations.  Relation  between  signal-to-noise  ratio 
(SNR)  and  output  noise  level  is  presented  in  fig.  4. 


P  [dBm] 


Fig.  4.  Noise  power  at  the  output  of  adjacent 


channel  filter  versus  SNR. 


Fig.  5.  Improvement  in  SNR  ratio  versus  threshold 
value.  (SNR  before  denoising  -  10  dB). 

Threshold  level  used  by  de-noising 
procedures  was  also  determined  by  means  of 


simulation.  An  amplitude  step  modulated  signal 
with  predefined  SNR  was  processed  with  various 
threshold  values.  An  exemplary  plot  of  SNR 
improvement  in  case  of  noisy  signal  (SNR=10dB) 
is  presented  in  fig.  5. 


5.  EXEMPLARY  MEASUREMENTS  AND 
RESULTS 

The  proposed  procedure  has  been  tested 
using  test  arrangement  presented  in  fig.  6. 
Transmitter  output  signal  was  acquired  with  a 
vector  signal  analyser  (HP  89441  A).  Envelope 
power  was  measured  with  a  spectrum  analyser 
E4402B. 


Fig.  6.  Test  arrangement. 


Measurements  described  in  the  paper  have 
been  performed  with  the  use  of  transceiver 
operating  at  178  MHz.  The  envelope  of  the 
transmitter  output  signal  is  presented  in  figure  7. 


P  [dBm] 


Fig.  7.  Recorded  transmitter  output  signal. 

Emissions  in  adjacent  channels  have  been 
measured  using  spectrum  analyser  internal  RBW 
filter  (10  kHz).  Although  the  frequency  response  of 
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that  filter  (fig  3.)  does  not  fulfil  requirements  of 
appropriate  standards  [5]  the  filter  due  to  its  short 
impulse  response  is  convenient  for  experimental 
verification  of  the  proposed  method. 


P  [dBm] 


Fig.  8.  Envelope  power  (measured  with  the 
spectrum  analyser). 


Fig.  9.  Envelope  power  (calculated) 
P  [dBm] 


t  [ms] 


Figures  8  and  9  presents  envelope  power 
measured  and  calculated.  The  offset  of  filter  centre 
frequency  was  equal  to  100  kHz.  Peaks  of  the 
signal  power  have  similar  values,  but  in  case  of 
calculated  signal  the  strong  influence  of  noise  is 
observed.  Figure  10  presents  signal  after  de¬ 
noting.  De-noising  procedure  allows  for 
observation  of  signal  parts  previously  obscured  by 
noise. 


6.  CONCLUSIONS 

The  method  for  adjacent  channel  transient 
power  measurement  described  in  the  paper  seems 
to  be  a  valuable  alternative  to  methods  described 
in  standards.  It  provides  results  comparable  to 
those  achieved  with  traditional  methods.  In  case  of 
low  signal  to  noise  ratio  de-noising  procedure 
based  on  wavelet  transform  enables  more  precise 
measurement  of  envelope  power. 

The  hard  thresholding  procedure 
implemented  in  described  measurements  is  a 
basic  one.  Further  SNR  improvement  would  be 
possible  with  more  advanced  processing  of 
wavelet  coefficients  eg.  by  applying  threshold 
value  taking  into  account  local  (in  time  domain) 
signal  properties. 
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Nonlinear  interference  and  distortions  have  a 
profound  impact  on  wireless  communication  system 
operation,  especially  under  conditions  of  severe 
electromagnetic  environment  (overcrowded  spectrum, 
strong  interfering  signals,  multipath  and  multi-signal 
environment  etc.).  In  this  paper,  we  propose  a  new 
behavioral-level  simulation  technique  -  the 
"instantaneous"  quadrature  technique,  which  can  be 
employed  for  the  EMC/EMI  analysis  of  wireless  systems 
in  a  computationally-efficient  way  taking  into  account 
nonlinear  effects  (over  wide  dynamic  and  frequency 
ranges)  and,  secondly,  we  discuss  how  to  apply  the 
instantaneous  quadrature  technique  to  simulating 
wireless  receivers  and  transmitters  for  EMC/EMI 
problems. 

1.  INTRODUCTION 

Exponential  increase  in  the  number  of  wireless 
communication  systems  and  in  the  complexity  of  their 
design  greatly  increases  the  risk  of  intra-  and  inter- 
system  interference  and  distortions,  which  can  degrade 
the  system  performance  drastically,  especially  under 
conditions  of  over-crowded  spectrum  and  limited  space 
available  (antenna  towers,  indoor  communications, 
closely-located  handheld  phones  etc.).  Even  carefully- 
made  frequency  planning  does  not  guarantee  the  absence 
of  interference  in  any  scenario.  Some  possible  kinds  of 
nonlinear  interference  and  distortions  for  wireless 
communication  systems  are  the  following  [1,2]: 

1.  Spurious  radiation  of  transmitters:  harmonics  and 
sub-harmonics,  intermodulation  products  (IMP), 
noise  etc.  Note  that  the  intermodulation  radiation  can 
be  caused  by  an  external  signal  (from  a  nearby 
transmitter)  as  well  as  by  several  carriers  (in  CDMA 
systems,  for  example)  in  the  transmitter’s  power 
amplifier. 

2.  Spurious  responses  of  receivers:  adjacent,  image  and 
intermediate  frequency  (IF)  channels. 

3.  Nonlinear  behavior  of  receivers  may  also  cause  the 
performance  degradation  (desensitization,  IMPs, 
local  oscillator  noise  and  harmonics  conversion  etc.). 
Analytical  and  semi-empirical  methods  were 

extensively  used  in  the  past  for  the  analysis  of  these 


effects  [1,  2],  Those  methods  were  quite  simple  and 
allowed  one  to  get  some  insight  into  the  system 
operation.  However,  the  accuracy  of  those  methods  is 
rather  poor.  Besides,  the  analysis  of  complex  systems 
(present-day  wireless  systems)  is  rather  difficult  to  do  by 
the  old  methods. 

Thus,  nonlinear  numerical  methods  should  be  used 
for  these  problems.  System-level  analysis  (when  one  or 
even  several  systems  are  to  be  analyzed  at  the  same  time) 
requires  for  behavioral-level  techniques  [3]  because 
circuit-level  methods  can  not  be  applied  due  to  very  high 
demand  for  the  computational  resources. 

2.  QUADRATURE  MODELING  TECHNIQUE 

The  quadrature  modeling  technique  is  the  most 
popular  tool  for  behavioral-level  nonlinear  modeling  and 
simulation  of  active  stages  of  communication  circuits  and 
systems  [3,  4],  This  technique  was  introduced  in  early 
1970s  for  nonlinear  modeling  and  simulation  of  traveling 
wave  tube  amplifiers  used  in  satellite  communications 
[5],  The  main  idea  of  the  quadrature  modeling  technique 
is  the  use  of  a  complex  envelope  instead  of  real 
narrowband  signals  [3-5]: 

x(t)=  A(  t)cos((s>0l  +  q>(t))  = 

Re{A( t)  ■  exp\j  (co0/  +  <p( t ))]} 

where  A(t)  and  cp(r)  -  are  amplitude  and  phase  that  vary 
slowly  with  respect  to  carrier  (amplitude  and  phase 
modulation),  co0  -  is  the  carrier  frequency.  Its  complex 
envelope  is 

A(  t)  =  A(t)-  exp\jg>(  t))\  (2) 

So,  there  is  not  any  carrier  information  in  the  complex 
envelope,  only  modulation  information  (only  the  first 
harmonic  zone  is  taken  into  account).  It’s  very  important 
from  the  viewpoint  of  computational  efficiency,  but  it 
also  limits  the  technique  capabilities  -  only  narrowband 
analysis  is  possible  because  the  frequency  response  is 
assumed  to  be  flat  over  the  simulation  bandwidth.  The 
output  signal  of  a  bandpass  nonlinear  stage  is 

y(t)  =  K(Ain(l))-Ain(t)x 
cos(co0t  +  (p„,(t)  +  Of  Am(t)j) 
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where  Ain  and  <pm  are  the  input  signal  amplitude  and 
phase.  A  nonlinear  stage  is  characterized  by  its  envelope 
amplitude  and  phase  transfer  factors: 

K(Ain  )  =  <b(Ain  )  =  cp0l„  -  cp,„  (4) 

Ain 

K(Ahl)  represents  envelope  amplitude-to-amplitude  (AM- 
AM)  nonlinearity,  and  <P(A„)  represents  envelope 
amplitude-to-phase  (AM-PM)  nonlinearity.  Note  that 
both  factors  depend  on  the  input  signal  amplitude,  not  on 
instantaneous  value  of  the  signal.  It’s  due  to  the  bandpass 
representation  of  signals  and  system  stages  (actually, 
lowpass  equivalents  of  both  are  used).  Thus,  equation  (4) 
constitutes  the  envelope  nonlinearity. 

In  the  quadrature  modeling  technique,  in-phase  and 
quadrature  envelope  transfer  factors  are  used 

K,(Ain)  =  K(Ain)cos<b(Ain) 

KQ(Ain)  =  K(Ain)sin<b(Ain)’  U 

and  output  lowpass  signal  is  expressed  as 

Y(t)  =  K,(  Ain)Xj(t)  -  Kq(  Ain)XQ(  t)  (6) 

Two  independent  channels  (in-phase  (I)  and  quadrature 
(Q))  are  used  for  the  simulation.  In  this  way  this 
technique  takes  into  account  both  the  AM-AM  and  AM- 
PM  nonlinearities.  This  nonlinear  model  is  sometimes 
called  a  memoryless  nonlinearity  [3].  Strictly  speaking, 
this  nonlinearity  is  not  a  memoryless  one  because  there  is 
a  phase  shift  (AM-PM),  thus  the  output  depends  on  the 
input  at  some  past  instants  (however,  there  is  indeed  no 
any  frequency  dependence  in  this  model).  The  input  of 
the  quadrature  nonlinearity  is  also  shifted  by  -7t/2  and 
this  operation  is  not  a  memoryless  one  (in  fact,  it  is  the 
Hilbert  Transform  that  is  an  integral  transformation  [3]). 
Consequently,  this  channel  and  the  entire  quadrature 
structure  are  not  memoryless  ones.  However,  we  can  still 
use  the  term  "memoryless"  in  the  sense  that  the  transfer 
factors  K]  and  Kq  depend  on  the  input  signal  amplitude 
Ain  at  the  same  instant  only. 

At  the  present  time,  this  technique  is  mainly  used  for 
the  simulation  of  solid-state  power  amplifiers.  It  has 
many  advantages:  it  allows  one  to  simulate  the  power 
amplifier  with  a  digitally-modulated  input  signal  using  a 
PC  in  reasonable  time  and,  consequently,  to  predict 
adjacent  channel  power  ratio  (ACPR),  power  spectral 
regrowth  (PSR)  and  error  vector  magnitude  (EVM).  The 
technique  can  also  predict  IMPs  and  gain 
compression/expansion.  The  permissible  number  of  input 
tones  and  the  analysis  dynamic  range  are  quite  large. 
However,  the  main  drawback  of  the  quadrature  modeling 
technique  is  that  it  is  a  narrowband  one,  so  it  can  not  take 
into  account  frequency  response,  to  predict  harmonics  of 
the  carrier  frequency  and  even-order  nonlinear  products, 
or  to  model  the  bias  decoupling  network  effect  [6],  This 
effect  limits  the  analysis  accuracy  even  for  narrowband 
signals  and  systems  [6].  The  quadrature  modeling 
technique  also  uses  an  explicit  representation  of  the 
modulated  signal,  so  multiple-carrier  signals  can  not  be 


simulated  in  a  direct  way.  Thus,  some  improvements  are 
desirable. 

3.  DISCRETE  TECHNIQUE 

The  discrete  technique  was  introduced  in  1980s  for 
the  nonlinear  simulation  of  a  RF/microwave  receiving 
path  taking  into  account  nonlinear  interference  and 
distortions  [7-11],  It  also  accounts  for  the  spurious 
receiver  channels  (adjacent,  image,  local  oscillator  noise 
etc.),  IMPs  and  harmonics,  gain  compression/expansion 
etc.  The  main  application  of  this  technique  was  to 
EMC/EMI  analysis  in  a  group  of  RF/microwave  systems. 
An  important  advantage  of  the  discrete  technique  is  that 
instantaneous  values  of  the  signals  are  used  during  the 
analysis,  not  the  complex  envelope. 

The  basis  of  the  discrete  technique  is  a  representation 
of  the  system  block  diagram  as  linear  filters  (matching 
networks)  and  memoryless  nonlinear  elements  (active 
elements)  connected  in  series  (or  in  parallel,  or  both)  [7- 
11],  Input  and  output  filters  model  input  and  output 
matching  networks.  This  representation  reflects 
characteristic  peculiarities  inherent  to  the  construction  of 
typical  RF  amplifying  and  converting  stages.  The 
utilization  of  the  model  with  memoryless  nonlinearity  is 
not  a  significant  limitation  on  the  method.  Non-zero 
memory  effects  can  partially  be  factorized  at  the  level  of 
input  or  output  filters,  that  is,  this  representation  is 
equivalent  with  respect  to  the  simulation  of  the  "input-to- 
output"  path.  Signal  passage  through  a  linear  filter  is 
simulated  in  the  frequency  domain  using  the  complex 
transfer  factor  of  the  filter, 

S0ut(f)  =  Sin(f)K(j),  (7) 

where  Sou,(f)-  is  the  output  signal  spectrum,  S„,(f)  -  is  the 
input  signal  spectrum,  K(f)  -  is  the  filter  complex  transfer 
factor,  and  /  -  is  frequency.  An  appropriate  sampling 
technique  is  required  in  order  to  sample  the  spectrum. 
Signal  passage  through  a  nonlinear  memoryless  element 
is  simulated  in  the  time  domain  using  the  instantaneous 
transfer  function  of  the  element, 

«ou{t)=F[«ii,(t)]>  (8) 

where  uOM(t)  -  is  instantaneous  value  of  the  output  signal 
at  time  instant  t,  uin(t)  -  is  the  same  for  input  signal,  F  -  is 
an  instantaneous  transfer  function  of  the  nonlinear 
element.  This  function  can  be  calculated  using  the 
measured  or  circuit-level  simulated  AM-AM 
characteristic  [9-10]. 

Thus,  the  simulation  is  made  over  a  wide  frequency 
range.  The  technique  allows  one  to  predict  harmonics 
and  even-order  nonlinear  products,  to  take  into  account 
frequency  response  and  to  analyze  multi-carrier  systems. 
Both  these  techniques  (the  quadrature  modeling 
technique  and  the  discrete  technique)  are  very 
computationally  efficient  as  compared  to  circuit-level 
techniques  (HB  technique  or  SPICE),  and  still  have  a 
circuit-level  accuracy  in  many  cases.  However,  the 
discrete  technique  does  not  take  into  account  AM-PM 


134 


Figure  1 .  Modeling  broadband  nonlinear  element  by  the  ‘instanteneous’  quadrature  technique. 


nonlinearity  that  limits  substantially  the  analysis 
accuracy. 

4.  "INSTANTANEOUS"  QUADRATURE 
TECHNIQUE 

Here  we  propose  to  combine  the  quadrature  modeling 
technique  and  the  discrete  technique  in  order  to  build  the 
combined  “instantaneous”  quadrature  modeling 
technique  which  can  model  the  circuit  or  system  behavior 
over  wide  frequency  and  dynamic  ranges  taking  into 
account  both  AM-AM  and  AM-PM  conversions.  In  order 
to  model  signals  and  systems  over  a  wide  frequency 
range,  the  instantaneous  values  of  the  signals  must  be 
used,  not  the  complex  envelope.  In  order  to  model  the 
AM-PM  conversion,  the  quadrature  modeling  structure 
should  be  used  for  the  nonlinear  element  modeling.  Thus, 
the  modeling  process  consists  of  the  following  items: 

1.  Linear  filters  are  modeled  in  the  frequency  domain 
(the  same  as  for  the  discrete  technique). 

2.  Nonlinear  elements  are  modeled  in  the  time  domain 
using  the  quadrature  structure,  but  the  instantaneous 
signal  values  are  used,  not  the  complex  envelope. 

3.  The  transform  from  the  frequency  (time)  domain  to 
the  time  (frequency)  domain  is  made  by  IFFT  (FFT) 
(very  computationally  efficient). 

4.  The  Hilbert  transform  [3]  is  used  to  calculate  in- 
phase  and  quadrature  components, 

xq  (?)  =  *(/)  =  [  ^  dx  ,  x,  (?)  =  *(/) ,  (9) 

K  J  t-x 

-CO 

where  xt(t)  and  xfJt)  -  are  instantaneous  in-phase  and 
quadrature  components  of  the  signal,  x(t)  is  the  Hilbert- 
conjugate  signal  of  x(t).  In  fact,  we  use  the  Hilbert 
Transform  in  the  frequency  domain  to  calculate  the 
quadrature  components  because  it  does  not  require 
numerical  integration  and,  thus,  is  much  more 
computationally  efficient: 

xQ  (?)  =  IFFT(-  j  •  S(ffl))  for  m>0, 

S{«>)  =  FFT{x{t))  (10) 

where  S(co)  -  is  the  signal’s  spectrum.  The  signal  itself  is 
the  in-phase  component,  and  the  Hilbert’s  conjugate 
signal  is  the  quadrature  component. 


5.  A  system  of  two  integral  equations  is  used  in  order  to 
convert  the  envelope  transfer  function  into  the 
instantaneous  ones: 

1  j  i 

-  Ur Ufl')-T==r  =  K iAin)cos ) 

n  J  _  ,2 

,°  V  (11) 

-  \kQ(Aml)  h  -  t2  dt  =  K(A,n)sin<X>{Am) 

it  J 
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where  k\  and  kg  -  are  the  instantaneous  in-phase  and 
quadrature  transfer  factors.  Note  also  that  using  (11)  only 
the  even  parts  of  the  transfer  factors  can  be  calculated.  In 
order  to  find  the  odd  parts,  some  additional 
characteristics  should  be  used  (for  instance,  the  second 
harmonic  transfer  factor).  As  a  rule,  the  amplitude 
transfer  characteristics  can  be  measured  or  simulated 
using  a  circuit-level  simulator,  thus  we  need  to  solve 
equations  (1 1)  for  kt  and  kg  .  This  can  be  done  using  the 
method  of  moments.  If  we  use  piecewise  constant  basis 
functions  and  a  point  matching  technique,  the  matrices  of 
these  equations  appear  to  be  upper  triangular  ones,  so  the 
systems  of  linear  equations  can  be  solved  analytically 
(this  semi-analytical  approach  speeds  up  computations 
substantially). 

Fig.  1  gives  an  illustration  of  the  nonlinear  element 
modeling.  It  should  be  noted  that  the  transfer  function  of 
the  quadrature  channel  is  not  a  usual  transfer  function  in 
a  conventional  sense:  it  depends  not  only  the  input  of  the 
quadrature  nonlinearity  (xq)  but  also  on  the  input  of  the 
entire  structure  (x,„)  i.e.,  in  fact,  on  the  input  of  the  in- 
phase  nonlinearity  {xj).  Consequently,  we  cannot  use  the 
usual  methods  of  the  transformation  of  the  envelope 
transfer  function  into  the  instantaneous  one  [5],  At  the 
same  time,  the  transfer  function  of  the  in-phase  channel 
is  a  usual  transfer  function  and  those  methods  can  be 
applied  in  this  case. 

If  one  whishes  to  simulate  even-order  nonlinear 
products,  then  odd  parts  of  the  instantaneous  transfer 
factors  must  be  determined.  It  can  be  done  using  the 
second-order  envelope  characteristics  (second  harmonic 
zone  AM-AM  and  AM-PM  functions  or  second-order 
IMP  at  the  output  for  the  two-tone  input): 
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Figure  2.  Simulating  a  single-stage  radio  amplifier  by  the  ‘instantaneous’  quadrature  technique. 
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where  KjfAm)  is  the  second-order  envelope  transfer 
factor  and  02(Ain)  is  the  second-order  AM-PM 
characteristic.  We  can  solve  the  integral  equations  (12) 
using  the  traditional  method  of  moments  approach.  But, 
as  practical  experience  shows,  it  requires  even  more 
sample  points  than  for  the  even  parts.  Thus,  it  is  much 
efficient  to  use  the  semi-analytical  approach  proposed 
above. 

5.  APPLYING  INSTANTANEOUS  QUADRATURE 
TECHNIQUE  TO  WIRELESS  SYSTEMS 
Let  us  now  consider  the  simulation  of  typical  wireless 
subsystems/systems  using  the  instantaneous  quadrature 
technique.  Fig.  2  illustrates  the  simulation  of  a  single 
stage  RF  amplifier  (either  power  or  low  noise).  The  input 
and  output  filters  model  the  matching  networks,  and  the 
quasy-memoryless  nonlinear  elements  model  the 
amplifier  nonlinearity  (both  AM-AM  and  AM-PM). 
Using  this  approach,  we  may  simulate  other  RF  and  IF 
stages  (like  mixers  and  IF  amplifiers)  and  even  detectors 
[11]  in  a  computational  ly-efficient  way.  Further,  using 
the  black-box  approach,  we  may  simulate  the  entire 
subsystem/system  operation  under  real-world  conditions 
and  signals. 

The  simulation  of  a  wireless  transmitter  using  the 
instantaneous  quadrature  technique  is  quite  straight¬ 
forward:  we  do  it  in  the  same  way  as  for  the  quadrature 
modeling  technique.  The  power  amplifier  is  considered 
to  be  the  main  source  of  interference  and  distortions  in 
this  case  (however,  other  stages  can  also  be  simulated). 
The  simulation  of  a  wireless  receiver  is  not  so  simple 
because  many  its  components  can  contribute  to  the 
overall  interference  and  distortions.  Thus,  we  consider 
(i.e.  simulate)  the  receiver  block  diagram  step  by  step: 
low-noise  amplifier,  local  oscillator  plus  mixer,  IF  filter 
and  IF  amplifier,  detector  and  baseband  signal 


processing  part.  It  should  be  noted  that  (i)  frequency 
response  is  taken  into  account  in  every  stage,  and  (ii) 
detector  simulation  is  possible  using  the  technique 
proposed  that  enables  us  to  go  further  to  the  simulation 
of  baseband  signal  processing. 

Thus,  the  instantaneous  quadrature  technique  can  be 
used  for  the  EMC/EMI  simulation  of  an  entire  wireless 
communication  system  over  wide  frequency  and  dynamic 
ranges. 

6.  TECHNIQUE  VALIDATION 

In  order  to  validate  the  technique  proposed,  extensive 
harmonic-balance  simulations  as  well  as  measurements 
of  microwave  solid-state  amplifiers  have  been  carried 
out.  Fig.  3  shows  IMPs  simulated  by  our  technique  (solid 
line)  and  measured  (squares).  One  can  note  quite  a  good 
agreement  between  behavioral-level  simulation  and 
measurements.  In  general,  the  discrepancy  is  about  few 
dBs  except  for  some  special  areas,  which  should  be 
further  investigated.  Fig.  4  shows  harmonics  simulated 
by  our  technique  (solid  line)  and  measured  (squares). 
Behavioral-level  simulation  and  measurements  agree 
quite  well  in  this  case  too.  The  discrepancy  is  rather  large 
for  several  special  areas,  which  should  be  further 
investigated.  Note  also  that  the  analysis  is  made  over 
wide  dynamic  range  (130-180  dB)  and  wide  frequency 
range  (harmonics!).  Thus,  these  results  seems  to  be  very 
satisfactory  taking  into  account  that  the  problem  is  a 
nonlinear  one.  Accuracy  of  even-order  nonlinear 
products  prediction  is  slightly  worse  but  still  satisfactory 
for  practical  purposes. 

7.  CONCLUSION 

In  this  paper,  we  have  presented  the  instantaneous 
quadrature  technique  as  an  efficient  tool  for  behavioral- 
level  simulation  of  wireless  circuits  and  systems  for 
EMC/EMI  problems.  This  techniques  combines  the 
advantages  of  both  the  quadrature  modeling  technique 
and  the  discrete  technique  and,  consequently,  gives  one 
possibility  to  simulate  the  circuit/system  nonlinear 
performance  over  wide  frequency  and  dynamic  ranges. 
This  technique  should  be  used  on  the  frequency  planning 
phase  in  order  to  avoid  possible  system  performance 
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Figure  3.  Fundamental,  3ro  and  5'"  order  IMPs  (solid  line 
-  simulated,  squares  -  measured)  for  2  stage  MM1C 
amplifier. 

degradation  on  the  implementation  phase  and  to  ensure 
reliable  and  high-quality  communication. 
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At  first,  we  point  out  that  the  impulsive  interference 
of  unbalanced  traction  current  is  the  principal 
reason  causing  degradation  of  25Hz  track  circuit. 
After  discussing  the  basic  theory  on  anti-interference, 
we  present  a  new  apparatus  called  impedcmce-match 
transformer,  which  is  composed  of  impedance  bond 
( transformer j  with  air-gap  and  50Hz  series-resonant 
circuit.  Some  calculation  results  are  given  in  this 
paper.  Both  simulation  and  application  demonstrate 
that  this  solution  can  greatly  alleviate  impulsive 
interference  cmd  boost  signal  transmission. 

Key  words:  impulsive  interference,  track  circuit, 
impedance-match  transformer. 

1.  GENERAL  DESCRIPTION 
1.1.  Problem 

Generally,  both  AC  traction  current  and  track 
circuit  use  tracks  as  transmission  channel  in  electrified 
railways.  Impedance  transformer  (bond)  acts  as  the 
joint  part.  If  traction  current  of  one  rail  doesn’t  equal 
that  of  the  other,  the  unbalanced  current  will  exert 
interference  on  track  circuit. 

As  a  common  mode  in  electrified  railway  stations, 
25 Hz  phase-sensitive  track  circuit  chooses  25Hz  as 
signal  frequency  for  transmitting  track  circuit 
information  to  evade  50Hz  alternating  traction 
disturbance.  Its  principle  can  be  expressed  by  (1): 

V  =  kxV|xV2xsin<x  (1) 

Where  V  is  the  working  voltage,  k  -is  coefficient, 
V)-and  V2  are  local  and  receiving  (track  circuit) 
voltage  respectively,  a  is  phase  difference  between 
Vi-and  V2.  In  fact,  it  has  excellent  performance 
against  stable  interference  caused  by  50Hz 
unbalanced  traction  current.  At  present,  it  has  been 
applied  in  China  and  many  other  countries. 

On  the  other  hand,  25Hz  track  circuit  has  an 
undesired  shortcoming  in  preventing  the  impulsive 
interference.  Based  on  simulation  data,  its  immunity  to 
impulsive  unbalanced  current  is  approximately  20A, 


about  3.3%  of  600A,  i.e.  capacity  of  impedance 
transformer.  However,  the  actual  unbalanced 
coefficient  could  reach  10%  or  more.  Therefore, 
mistaken  operations  of  25Hz  track  circuit  are  often 
found  in  some  particular  sections  with  greater 
unbalance.  The  common  phenomenon  is  that  the  track 
relay  of  receiving  circuit  falls  down  in  a  moment  then 
picks  up,  then  the  signal  consequently  flashes  "red" 
indicating  danger,  so  trains  have  to  operate  emergency 
brake  and  sometimes  wrongly  enter  the  route.  Clearly-, 
transportation  safety  and  efficiency  arc  seriously 
threatened. 

1.2.  Reasons 

Impulsive  current  happens  when  traction  current 
changes  suddenly  and  strongly  on  conditions  such  as 
intermittent  bad  contact  between  overhead  conductor 
(power  mains)  and  pantograph,  starting  and  braking  of 
locomotive.  On  account  of  equipment  with  non-linear 
voltage/current  characteristic  on  electrified  traction, 
impulsive  current  is  actually  a  transient. 

Impulsive  interference  is  generated  from 
unbalanced  current.  Unbalanced  extent  determines 
how  strong  the  interference  is.  Because  a  great  deal  of 
rails  are  coimected  with  screws  but  not  by  soldering  in 
China,  two  rails  easily-  become  imbalanced. 

We  find  that  impulsive  interference  influences  the 
track  circuit  mainly  by  two  ways.  Firstly,  because 
impulsive  current  has  approximate  but  asymmetric 
sine  waveform,  it  contains  plentiful  composite  of 
direct  current.  The  ferromagnetic  equipment  such  as 
impedance  bond  could  be  easily  saturated,  and  25 Hz 
signal  floating  on  50Hz  interference  is  vulnerable  to 
clipping  or  attenuating,  so  the  receiving  circuit  may 
get  a  voltage  below  normal  value.  Secondly,  when 
interfered,  the  linear  filter  in  receiving  part  of  25Hz 
track  circuit  will  yield  a  25Hz  transient  procedure  or 
damped  oscillation  as  its  impulsive  response,  therefore 
it  may  definitely  disturb  the  signal  and  cause  false 
operation  of  receiving  circuit. 
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Obviously,  measures  should  be  lakcn  lo  solve 
saturation  of  impedance  transformer  and 
simultaneously  assure  signal  transmission. 


2.  BASIC  CONCEPTION 

2  1.  Essence  of  traction  current 

We  ought  lo  grasp  the  nature  of  traction  current 
before  considering  any  approach.  The  value  of  traction 
current  /  can  be  written  as  (2): 

l  =  V,/(Z,+Z2)  (2) 

Where  V,  is  traction  voltage  (25kV),  Z\  is  impedance 
of  locomotive  load,  Z2  is  the  combined  impedance  of 
tracks  and  earth.  Because  of  Z|»Z2,  we  can  assume 
that  traction  current  is  mostly  determined  by  traction 
power  of  the  locomotive,  in  other  word,  it  is 
independent  of  the  track  circuit,  hence  traction  current, 
along  with  unbalanced  current,  can  be  regarded  as  an 
ideal  current  source. 


2.2.  Further  analysis 

There  are  two  fundamental  kinds  of  solution  on 
filtering-circuit  design,  i.c.  parallel  and  series  resonant 
circuit.  They  should  be  applied  in  different  situations. 

Based  on  above  result,  the  valid  solution  for  track 
circuit  to  avoid  interference  of  unbalanced  current  is 
to  parallel  series-resonant  circuit  with  the  interference 
current  source  (shown  in  Fig.  I .). 
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Fig.  I .  Series-resonant  circuit 
And  interference  voltage  V[.  on  the  load  Zl  (e.g.  track 
circuit)  can  be  described  as  Equation  (3): 

V,.(C.)  =  l,.(r„)xZ,.(r„)  (3) 

Where  ft  is  the  resonance  frequency  (50Hz)  focusing 
on  interference,  f  (ft)  is  the  current  passing  load.  Z<>(fn) 
is  impedance  of  resonance  circuit.  Because  of 
Zc(f ,)—>().  ViXfi)  approaches  zero.  Therefore  it  is 
clear  that  Vi.(fi),  as  well  as  the  power  upon  the  load,  is 
consequently  minimized  though  interference  current 
may  be  considerably  large. 

For  ideal  voltage  source  as  interference,  we  should 
use  the  other  kind  of  parallel-resonant  circuit.  If 
adopting  this  method  against  traction  current,  we 
might  get  little  effect. 

2.3.  Saturation  characteristic  of  impedance-bond 

One  of  chief  factors  discussed  is  saturation  of 
impedance-transformer  without  air-gap.  According  to 
its  B-H  curve,  impedance-transformer  is  a  non-linear 
device.  Its  inductance  value  Lm  is  calculated  by  (4): 

LM=(N:xpxS)/l  (4) 


Where  N  stands  for  turns  of  coil,  p  for  magnetic 
inductivity  constant  of  iron-core.  S  for  effective  area 
of  iron-core.  I  for  average  length  of  magnetic  circuit. 

As  we  know,  opening  air-gap  of  iron-core  will 
decrease  Lm  and  boost  linearity  of  impedance 
transformer.  It  means  that  saturation  current  now  is 
greater  than  that  without  air-gap. 


3.  SOLUTIONS 


Corresponding  with  the  access  of  impulsi\c 

interference,  we  design  a  new  type  impedance 

transformer,  called  impedance-match  transformer 

(IMT). 

3.1.  Requirements 

IMT  should  ensure  2311/  track  circuit  against  at 
least  6()A  (10%  of  600A)  unbalanced  traction  current. 

Opening  air-gap  will  improve  saturation 

characteristic  of  impedance  transformer  but  lower  the 
impedance  of  25Hz  signal  at  the  same  lime.  IMT 
should  meet  its  original  demands. 

Fail-safe  must  be  considered  in  IMT  design. 

3.2.  Structure  of  IMT 

Structures  of  impedance  transformer  and  IMT  arc 
given  as  Fig  2. 
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Fig. 2.  Structures  of  impedance  transformer  and  IMT 

Difference  between  traction  current  L  and  l2  is 
defined  as  unbalanced  current.  Three  important 
measures  arc  lakcn  in  IMT  design. 

As  the  first  step,  we  increase  the  air-gap  of  iron- 
corc  of  impedance  transformer  for  purpose  of 
increasing  the  value  of  its  saturation  current.  This 
method  makes  track  circuit  receive  2311/.  signal 
w  ithout  loss  in  condition  of  larger  unbalanced  traction 
current. 

As  the  second  step,  we  additionally  put  a  series- 
resonant  circuit  on  the  secondary  coil  (referred  to 
signal-side)  of  impedance  transformer,  and  its  lurns- 
ralio  is  1 :( 1 6 — 30).  This  circuit,  with  resonant 
frequency  30Hz,  consists  of  only  two  components, 
inductor  L  and  capacitor  C,  and  they  meet  (5): 

27rx30xL=l  / (27tx5()xQ  (3) 

Assume  that  resonant  resistance  is  defined  as  Z  and 
transformation  ration  as  n.  so  the  resistance  is  7.  ir 
after  reflecting  to  primary  side.  Compared  with 
original  structure,  the  value  of  this  resistance  is 
remarkably  lessened,  so  that  the  interference  current 
consumes  its  most  energy  in  this  circuit,  and  only  a 
little  part  may  enter  track  circuit. 
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What’s  more,  this  resonant  circuit  is  equivalent  to 
a  capacitor  at  signal  frequency  25 Hz.  its  impedance  Z 
is  shown  in  Equation  (6): 

Z=3 /(4x27tx25xC)  (6) 

Because  impedance  transformer  and  rails  have 
inductive  resistance  feature,  we  can  design  them  close 
to  parallel-resonance  at  25 Hz  signal.  Further,  by 
adjusting  its  multi-laps.  IMT  could  match  with  the 
impedance  of  the  track  circuit  at  2511/.  and  a  could 
reach  90°.  it  means  we  realize  optimal  transmission  of 
25 Hz  signal.  So  the  unfavorable  consequence  of 
opening  air-gap  could  be  overcome. 

3.3.  Calculation  data 

Here  is  a  group  of  calculation  data  about  IMT 
based  on  analysis  above  (see  Table  I .). 


Table  1.  Parameter  and  impedance  at  5011/ 


C(pF) 

L(H) 

Q 

Z„  (Q) 

Zu’(Q) 

30 

0.3377 

20 

5.6 

0.0073 

In  Table  I..  Q  stands  for  quality  factor.  Z,,  for 
resonance  resistance  at  50Hz.  Zi,’=Z<i/27"  (typically 
n=27)  for  effective  resistance  from  primary  side. 

And  we  can  get  its  related  data  at  25Hz  (see  Table 

2) 


Table  2.  Impedance  at  251 1/ 


Z(Q) 

Z'(Q) 

I59.7Z-84.40 

0.2 19Z-84.40 

Impedance  transformer’s  rated  input  impedance  |Z|| 
is  0.7  Q. 

IM  F's  input  impedance  Zj  can  be  calculated  b> 
parallel  impedance  of  Z'  and  Xm;<-  as  (9): 

|Z’||  =|  Z’  //  XM:,  |=2.3  -Q  (9) 

|Z'i|  is  about  ns  3.3  times  as  |Z||. 

As  discussed  above.  5011/  exciting  current  is 
greatly  decreased  and  transmission  of  2511/  signal 
improved,  so  the  signal-noisc-rnlio  of  2511/  track 
circuit  is  remarkably  boosted. 

3.5.  Combination  with  other  track  circuits 

There  is  still  another  issue.  To  provide  continuous 
information  for  cab  signaling  in  railway  station.  2511/ 
track  circuit  need  to  be  combined  with  other  stvlcs 
including  FSK  (500-90011/.),  France  UM-71 
( 1 70()-~26()()Hz),  and  25Hz  alternating-counter.  In  this 
ease,  we  need  put  another  proper  capacitance  on 
series-resonance  circuit  so  that  IMT  will  appear 
required  impedance. 

4.  APPLICATION  AND  CONCLUSION 

Calculation  and  simulated  experiment  prove  that 
this  impedance-match  transformer  can  successfully 
suppress  the  impulsive  interference.  2511/  track  circuit 
can  be  immunized  against  unbalanced  traction  current 
up  to  I80A.  After  it  was  applied  on  the  electrified 
lines  where  degradation  and  malfunction  used  to  occur 
at  times  such  as  Chen/hou-Shaoguan  section  of 
Beijing-Guangzhou  Line  in  1996.  2511/  track  circuits 
have  been  working  reliably  and  stably. 


In  Table  2..  Z  stands  for  impedance  at  25 Hz,  Z'  for 
effective  impedance  from  primary  side. 

Effective  capacitance  XV  of  Z'  is  0.218  Q.  so  wo 
can  simply  open  proper  air-gap  of  impedance 
transformer  and  make  its  inductive  resistance  Xm2v 
equal  to  this  value,  or  let  Xm:5=0.2I8  Q. 


3.4.  Contrast 

3.4. 1 .  50Hz  exciting  current 

Impedance  transformer's  exciting  current  lM  can  be 
written  as  (7): 

Ia-  V 


/«  = 


(7) 


Where  (L  -  B)  stands  for  unbalanced  traction  current 
IMT's  I'm  can  be  written  as  (8): 

I  (A-  A) 


A»  = 


(8) 

2  •*  +  /  V  v  ' 

From  data  above.  ZV  =  0.0073Q,  Xm5h  =  2-Xm:?  = 
0.436Q.  Therefore  we  get  IM/  I'm  =59.5. 

3.4.2  Transmission  of  25Hz  signal 
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ABSTRACT 

The  paper  presents  an  approach  followed  during  the 
preparation  of  the  Slovenian  technical  legislation  in 
the  area  of  electromagnetic  compatibility  (EMC)  in 
electric  power  system  substations.  The  approach  is 
based  on  the  classification  of  substations  and  their 
parts  in  different  categories  of  electromagnetic  (EM) 
environment  and  takes  into  account  probability, 
density  and  velocity  of  electromagnetic  disturbances. 
Mitigation  measures  for  a  particular  EM  environment, 
requirements  for  the  primary  system,  secondary 
systems  and  equipment  are  discussed  as  well.  The 
approach,  which  comprises  all  type  tests  and  their 
values  for  secondary  systems  and  equipment  adopted 
from  IEC  and  EN  EMC  standards,  is  based  on 
observations  obtained  through  our  on-site 
measurements. 


1.  INTRODUCTION 

To  a  large  extent,  the  reliability  of  the  entire  electrical 
power  system  depends  on  the  reliability  of  secondary 
systems  and  equipment  in  its  substations.  To  assure  the 
rated  operation  of  secondary  systems1  and  equipment  in 
a  normal  or  faulty  operating  state  at  any  predictable 
EM  disturbance,  an  EMC  assurance  concept  was  set  up 
for  Slovenian  Electricity  Utilities. 

Although  relevant  IEC  Technical  Committees  have 
published  several  EMC  product  standards  dealing  with 
different  application  areas  relevant  for  Electricity 
Utilities  (TC  17  -  switchgear  and  control  gear,  TC  57  - 
power  system  control  and  associated  communications, 
SC  65A  -  industrial-process  measurements  and  control 


1  Control,  signal,  measuring  and  protection  devices, 
low  voltage  supply  circuits,  etc. 


-  system  aspects,  TC  95  -  measuring  relays  and 
protection  equipment,  etc.),  their  requirements  cover 
only  a  part  of  the  electromagnetic  environment  typical 
for  power  stations  and  substations.  Moreover,  even 
generic  immunity  standards  for  industrial  environment, 
prepared  by  DEC  and  CENELEC,  do  not  sufficiently 
cover  the  relevant  electromagnetic  phenomena  of 
substations  and  do  not  give  detailed  acceptance  criteria 
for  testing  of  equipment. 

To  assist  Slovenian  Electricity  Utilities,  the  Milan 
Vidmar  Electroinstitute  set  up  an  EMC  assurance 
concept  for  the  Slovenian  substations.  The  goal  of  our 
approach  was  to  determine  requirements  that  should  be 
fulfilled  not  only  as  early  as  in  the  planning  phase  but 
also  later  during  design,  construction,  operation  and 
maintenance  of  substations.  They  include: 

*  Determination  of  EMC  aspects  for  each  step 
of  substation  planning; 

*  Determination  of  EMC  requirements  in  the 
tender  documentation,  particularly  for 
secondary  systems  and  equipment,  and  partly 
for  primary  (i.e.  high-voltage)  equipment; 

*  Setting  up  EMC  testing  and  checking 
procedures  for  secondary'  systems  and 
equipment; 

*  Determination  of  EMC  requirements  for  the 
construction  documentation; 

*  Determination  of  procedures  for  installation  of 
secondary  systems  and  equipment  and  partly 
for  primary  equipment  [3]; 

*  Determination  of  requirements  for  equipment 
maintenance; 

*  Determination  of  requirements  for  periodic 
measurements. 

Our  aim  was  also  a  simultaneous  preparation  of 
foundations  for  a  new  Slovenian  technical  regulation  in 
this  field.  In  these  efforts,  we  followed  the  steps 
foreseen  in  accordance  with  the  state-of-the-art  being 
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reflected  in  EC  [5]  and  EN  standards  [1,  2]  and 
Council  Directive  relating  to  EMC  (89/336/EEC).  So 
the  concept  of  EMC  assurance  in  substations,  forming 
the  foundations  for  technical  legislation,  consists  of: 

*  Classification  of  substations  and  their  areas  (parts) 
with  regard  to  anticipated  EM  disturbances  into 
different  categories  of  EM  environment; 

*  Measurements  for  estimation  of  the  extent  of  EM 
disturbances  in  substations; 

*  Requirements  for  secondary  systems  and 
equipment; 

*  Procedures  to  assure  EMC  in  substations  and  their 
EM  environment. 


The  analyses  conducted  by  the  Milan  Vidmar 
Electroinstitute  as  well  as  experiences  of  Slovenian 
Electricity  Utilities  have  lead  to  the  following 
conclusions: 

*  The  magnitude  and  intensity  of  EM  disturbances 
and  EM  interferences  differ  from  one  location  to 
the  other  within  a  substation. 

*  The  greatest  magnitudes  are  in  the  vicinity  of  the 
primary  equipment  and  are  independent  of  the 
primary  network  rated  voltage. 

*  Disturbances  are  transmitted  to  secondary  systems 
and  equipment  by  conduction  along  secondary 
lines,  induction  and  EM  radiation. 
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Fig.  1. 


2.  ELECTROMAGNETIC  ENVIRONMENT  IN 
SUBSTATIONS 

The  EM  disturbances  occur  due  to  activities  and 

phenomena  inside  and  outside  of  substations.  Internal 

disturbances  result  from: 

*  switching  operations  and  faults  in  substations; 

*  non-linear  load  characteristics  in  low-voltage 
supply  systems  (semiconductor  devices,  motor 
drives,  etc....); 

*  voltage  unbalances  and  other  signals  in  low- 
voltage  supply  systems; 

*  operating  and  functioning  of  radio  systems 
(including  mobile  telephones). 

External  disturbances  result  from: 

*  faults  which  occur  outside  of  substations; 

*  atmospheric  discharges  and  charges  which  due  to 
their  mutual  inductance  affect  substations; 


*  The  actual  extent  of  a  particular  disturbance 
depends  on  implemented  mitigation  measures  (i.e. 
on  cables  and  cable  shields,  armour  earthing, 
grounding  grid  design,  shielding  and  armour  in 
buildings,  etc.). 

The  investigation  of  effects  of  EM  disturbances  [6]  on 
secondary  systems  and  equipment  revealed  that  values 
of  EM  disturbances  caused  by  atmospheric  discharges 
and  faults  in  high  voltage  (primary)  networks  are  four 
to  five  times  greater  than  values  of  disturbances  due  to 
normal  switching  operations.  The  probability  density 
(distribution)  of  EM  disturbances  in  the  secondary 
systems  and  equipment  in  Slovenian  power  substations 
is  in  compliance  with  the  distribution  of  EM 
disturbances  as  given  in  EC  61000-1-1.  The 
distribution  of  EM  disturbances  caused  by  faults  and 
atmospheric  discharges  is  in  accordance  with  our 
observation  and  is  shown  in  Fig.  1  as  a  non-normal 
disturbance  level.  It  serves  as  a  basis  for  the 
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determination  of  values  for  type  tests  and  criteria  for 
analyses  of  onsite  measurements  in  substations. 

Based  on  the  anticipated  magnitudes  and  frequency  of 
EM  disturbances,  individual  parts  or  areas  of 
substations  are  classified  in  one  of  the  three  categories: 

*  Environment  I  -  protected  environment 

*  Environment  II  -  conventional  environment 

*  Environment  IQ  -  exposed  environment 
The  concept  gives  the  following  classification 
examples: 

*  Environment  I  comprises  areas  inside  control 
centres  where  special  mitigation  measures  were 
implemented  to  reduce  the  immunity  requirements. 

*  Environment  Q  comprises  control  areas  in  the 
vicinity  of  high  voltage  switchyards  or  generation 
facilities.  During  the  construction  of  a  substation 
and  in  particular  during  the  circuit  and  equipment 
installation,  special  measures  should  be  taken  in 
order  to  reduce  EM  disturbances  in  control  and 
signal  circuits.  Devices  in  these  areas  should  be 
manufactured  and  installed  in  compliance  with 
EMC  requirements. 


*  Environment  ID  comprises  devices  in  kiosks  in 
high-voltage  switchyards  or  in  generation  facilities 
and  their  cable  lines.  In  such  environment, 
adequate  measures  should  be  taken  during  the 
construction  and  installation  of  substations. 

3.  TYPE  TESTS  FOR  SECONDARY  SYSTEMS  AND 
EQUIPMENT 

Immunity  type  tests  according  to  EEC  and  EN  standards 
and  EMC  Directive  are  defined  for  all  secondaiy 
systems  and  equipment  installed  in  substations.  Our 
concept  includes  a  list  of  type  tests  and  test  procedures 
derived  from  IEC  61000-4-1,  EN  50082-1  and  EN 
50082-2.  Test  values  were  adopted  for  each  EM 
environment  separately.  The  most  rigorous  test  values 
were  adopted  for  Environment  III  -  Exposed 
environment 

4.  CONTROL  MEASUREMENTS 

Efficiency  of  implemented  mitigation  methods  can  be 
checked  by  on-site  measurements.  They  should  show 


SWITCHING 


MPx  -  Measurement  point;  SE- Supply  Equipment;  SS  -  Secondary  System 


Fig.  2. 
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how  EM  disturbances  diminish  along  the  secondary 
circuit  and  what  are  their  values  at  individual  points 
(Fig.  2.).  They  are  used  to  establish  the  general 
exposure  of  the  secondary  equipment  and  its  general 
resistance  to  EM  disturbances  as  well. 

In  order  to  perform  measurements,  disturbances  are 
needed.  The  practice  shows  that  the  most  convenient 
simulation  of  EM  disturbances  is  achieved  by  opening 
or  closing  disconnectors  or  circuit  breakers.  For  the 
analysis  of  EM  phenomena  on  secondary  system  supply 
lines,  it  is  convenient  to  perform  switching  operations 
on  their  supply  devices  too. 

Our  analyses  proved  that  phenomena  which  take  place 
during  switching  operations  are  identical  to  those 
which  take  place  during  non-normal  states  and  type 
tests. 

The  advantage  of  these  measurements  is  the  fact  that 
they  enable  repeatability  of  procedures  and  that  they 
can  be  made  during  the  normal  operation  of  a 
substation.  The  adopted  measuring  procedure  is  fully 
compliant  with  the  DEC  60816  standard.  Each 
measurement  is  made  at  least  on  three  locations  of  a 
laid  secondary  cable  -  line.  Measurements  are  made  on 
both  ends  of  a  secondary  cable  or  on  terminals  of  the 
secondary  equipment.  Measurements  which  have  to  be 
performed  on  the  same  circuit  are  made 
simultaneously.  They  are  analysed  according  to  criteria 
set  up  in  our  concept.  Magnitudes  of  measured 
disturbances  should  not  exceed  values  given  in  Table  1. 
We  estimate  that  measured  values  are  4  to  5-times 
smaller  than  values  of  EM  disturbances  experienced 
during  non-normal  states. 


Table  1 


Longitudinal 
voltage  - 
common  mode 

Transversal 
voltage  - 
differential 
mode 

Environment  I 

0  V 

0  V 

Environment  II 

110  V 

220  V 

Environment  III 

210  V 

520  V 

J.  CONCLUSION 

To  assist  Slovenian  Electricity  Utilities,  the  Milan 
Vidmar  Electroinstitute  has  set  up  an  EMC  assurance 
concept  for  the  Slovenian  substations.  The  concept, 
based  on  application  of  EMC  standards,  represents  a 
solid  base  for  designers,  investors  and  operators.  It 
classifies  substations  and  their  parts  in  three  categories 
of  the  EM  environment  and  gives  testing  values  for  the 
secondary  equipment  for  each  environment.  It  defines 
on-site  measurements  with  forced  EM  disturbances  to 
check  implemented  mitigation  methods.  In  this  way 
weak  spots  are  detected  where  EMC  should  be 
improved. 
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ABSTRACT 

Two  methods  of  calculations  of  the  current 
distribution  into  a  lightning  protection  (LPS)  system 
during  a  lightning  stroke  are  discussed.  The  presented 
results  were  obtained  using  the  lumped-  and 
distributed-circuit  model  of  the  LPS. 

A  new  idea  of  modelling  of  a  lightning  channel  has 
been  presented. 

The  validity  range  of  the  simple  lumped-inductance 
model  has  been  discussed.  The  received  results  may  be 
useful  while  designing  of  LPS  and  predicting  of  the 
lightning  current  distribution. 

1.  INTRODUCTION 

The  analysis  of  the  lightning  protection  systems 
(LPS)  under  the  conditions  of  the  lightning  action  is  one 
of  the  most  important  EMC  problems.  The  prediction  of 
the  lightning  current  distribution  in  the  protection 
conductors  may  show  the  most  threatened  parts  of  the 
building.  Hazards  due  to  conducted  or  induced 
overvoltages  may  be  estimated  when  surge  current 
distribution  is  known.  Even  very  simplified  calculations 
may  be  helpful  while  planning  a  room  for  electronic 
equipment. 

There  are  many  publications  concerning  the 
lightning  current  distribution  in  the  conductors  of  the 
lightning  protection  systems  (LPS),  e.g.  [1  -  5],  The 
contributions  may  be  classified  into  two  main  groups 
according  to  the  applied  mathematical  models  of  LPS. 
The  authors  use  either  the  lumped-circuit  models 
(including  only  the  own  inductance  of  wires  or  mutual 
inductance  of  wire  loops)  or  the  complicated  field- 
theory  models. 

In  the  presented  work  some  computations  were 
made  to  compare  the  results  obtained  from  these 
different  models.  Basing  on  the  included  examples  the 
validity  of  application  of  the  lumped  circuit  model  may 
be  considered.  Particularly,  it  is  important  to  know  for 
what  kind  of  structures  and  what  kind  of  surges  (first  or 
subsequent  lightning  strokes)  it  is  possible  to  predict  the 
current  distribution  using  the  simple  lumped-inductance 
model. 


2.  NUMERICAL  EXAMPLES 

Consider  two  examples  of  lightning  protection 
systems  shown  in  Fig.  la  and  lb.  The  LPS  shown  in 
Fig.  la  was  analysed  in  [4]  using  different  lumped- 
circuit  approach  and  results  were  somewhat  different 
from  these  presented  below. 

Assume  that  the  ground  is  ideal  (high  conductive) 
and  that  all  the  conductors  have  the  same  diameter  of 
8  mm.  The  remaining  dimensions  are  shown  in  Fig.  1. 


Fig.  1.  Examples  of  the  LPS  to  be  analysed  (a,  b)  and 
a  model  of  lightning  channel  (c) 


A  point  of  the  lightning  stroke  was  chosen  to  be  in 
the  comer  of  the  LPS. 

Computations  were  executed  for  the  chosen  paths 
formed  by  the  down-conductors.  These  paths  were 
numbered  respectively:  1,  2,  3,  4  and  5.  For  the  LPS  lb 
tlie  levels  above  ground  were  labeled:  A,  B  and  C. 
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3.  METHODS  OF  COMPUTATIONS 


3. 1.  A  lumped-circuit  model  of  the  LPS 

A  most  simplified  mathematical  model  was  applied 
and  checked  in  this  work.  Lightning  was  modelled  as  a 
current  source.  Only  the  own  inductances  of  the  LPS 
conductors  were  taken  into  consideration: 


L  [pH]  =  0.2/ 


4/ 

In  — -0.75 
d 


(1) 


where:  /  -  length,  d  -  diameter  of  the  wire.  Mutual 
inductances  were  neglected. 

Assuming  linear  shape  of  rising  slope  of  the  current 
pulse  and  using  the  Laplace  transform,  such  a  model 
leads  to  a  simple  set  of  linear  algebraic  equations. 
Solving  this  system  of  equations  it  is  possible  to 
estimate  the  percentage  distribution  of  the  lightning 
current  in  the  LPS. 

Method  of  calculations  basing  on  the  own  and 
mutual  inductances  of  loops  formed  by  the  conductors 
has  been  described  in  [4]. 


3 .2.  A  field-theory  model  of  the  LPS 


A  new  idea  of  modelling  of  a  lightning  channel  has 
been  applied.  It  is  near  to  the  transmission-line  model  of 
a  lightning  [1-2],  The  model  under  investigation  was 
generated  during  the  application  of  the  commercial 
software  A  WAS  [6]  into  the  non-standard 
computations.  The  lightning  channel  has  been  modelled 
as  a  long  vertical  wire  (Fig.  lc)  with  the  ideal  sine 
voltage  source.  Such  a  way  of  inserting  of  the  generator 
makes  it  possible  to  model  the  upward  movement  of  the 
return  stroke  current. 

Only  voltage  sources  may  be  modelled  using  the 
method  implemented  in  [6],  The  forced  current  was 
achieved  by  successive  computations  in  the  frequency 
domain  basing  on  the  mixed-potential  equations 
combined  with  the  method  of  moments  for  the 
polynomial  approximation  of  the  currents. 

Mathematical  model,  combining  the  incident  field 
E '  with  the  current  distribution  and  with  the  scattered 
field  E1,  H*,  comes  from  known  equations  formulated 
in  the  frequency  domain: 


E1  =  -  yruA- VO 

(2) 

H1  =— VxA 

(3) 

Mo 

rr  e~jkR 

A  =  dS 

(4) 

•y  4tvR 


<D=  &ps  dS 

eQ»ys  4tzR 

(5) 

V-J  s=-ja>Ps 

(6) 

Forced  voltage  generator  (Fig.  lc)  has  been 
introduced  basing  using  the  boundary  condition  on  the 
conductor  surface: 

nxEs=-nx  E'  (7) 


The  influence  of  radiation  of  the  wires  and  the 
mutual  coupling  between  the  LPS  elements  has  been 
taken  into  account  automatically  during  the  formulation 
of  integral  equations. 

The  algorithm  of  computer  simulation  is  as  follows. 
First  compute  the  current  transmittance  of  the  chosen 
point  of  the  construction,  defined  as  a  quotient:  the 
current  spectrum  in  the  analysed  point  divided  by  the 
current  spectrum  in  the  bottom  of  the  model  of  lightning 
channel,  for  drive  of  frequency  independent  IV 
generator.  This  transmittance  is  equal  to  the  current  in 
the  given  point  for  the  driving  by  the  1A  frequency 
independent  current  source.  Then  the  current  spectrum 
in  the  given  point  is  achieved  as  a  product  of  the 
computed  transmittance  and  the  spectrum  of  the 
lightning  current  pulse  [5], 

The  Discrete  Fourier  Transform  has  been  used  to 
obtain  the  current  waveforms  in  the  time  domain.  1024 
spectrum  samples  with  the  interval  of  5  kHz  in  the 
frequency  domain  were  taken  into  account.  Thus  the 
analysed  frequency  band  reaches  5.12  MHz,  that  allows 
to  include  several  resonances  of  the  explored  structure 
during  computations. 

Application  of  the  DFT  makes  it  possible  to 
compute  arbitrary  waveforms.  A  double-exponential 
equation  has  been  introduced  to  describe  the  lightning 
waveform: 

m  =  kh(e-'-e-l")  (8) 

Two  groups  of  parameters  have  been  applied, 
modelling  two  waveforms  2/25  ps  and  0.2/25  ps, 
respectively: 

k=  1.166,  a=  3.4xl04  1/s,  /?=  l.OxlO6 1/s  (9) 

k-  1.02,  a=  2.9xl04 1/s,  p=  l.lxlO7  1/s  (10) 

The  first  waveform  may  be  classified  as  a  “slow” 
rising  pulse  and  the  second  pulse  -  as  a  “fast”  one.  The 
maximum  value  I0  was  set  to  be  100  kA.  Due  to  such 
data  choice  the  numbers  expressed  in  kiloamperes  are 
equal  to  percentage  distribution  of  the  maximum  value 
of  lightning  current  in  the  conductors.  Thus  it  is  easy  to 
analyse  the  results  and  compare  them  with  the  circuit- 
theory  calculations.  The  comparison  of  selected  results 
is  presented  below. 

4.  RESULTS  OF  COMPUTATIONS 

Solution  of  the  lumped-circuit  linear  set  of  equations 
makes  it  possible  to  estimate  the  percentage  distribution 
of  the  maximum  lightning  current  in  the  conductors.  Of 
course,  in  point  3.1,  the  waveform  of  the  currents  in  the 
LPS  has  to  be  assumed  the  same  as  the  forced  current. 

The  aim  of  the  computations  described  in  point  3.2 
is  to  compare  the  results  and  to  say  when  the  simplified 
lumped-circuit  theoiy  may  be  applied.  There  are  two 
main  criterions  of  comparison: 

♦  if  the  waveform  of  the  currents  may  be  assumed  to 
be  similar  to  the  lightning  waveform; 

♦  if  the  maximum  values  of  the  currents  computed  by 
the  two  methods  are  of  the  same  order. 

The  chosen  results  of  field-theory  computations 
have  been  presented  in  Fig.  2-9, 
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Fig.  6.  Current  waveform  in  the  path  No  1 
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Fig.  8.  Current  waveform  in  the  path  No  3  of  LPS  from  Fig.  lb  for  slow  (a)  and  fast  (b)  rising  pulse 
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Fig.  9.  Current  waveform  in  the  path  No  4  of  LPS  from  Fig.  lb  for  slow  (a)  and  fast  (b)  rising  pulse 
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As  it  is  seen  from  Fig.  2-9,  only  response  for  the 
slow  current  pulse  (front  time  of  2  ps)  may  be  supposed 
to  have  a  waveform  similar  to  the  forced  current.  This 
situation  may  be  interpreted  as  a  model  of  response  to 
the  first  return  stroke  [7],  But  the  bigger  distance  from 
the  lightning  channel  the  greater  oscillations  occur  (e.g. 
Fig.  5a,  9a).  The  bigger  the  structure  the  worse  the 
conditions  of  quasi-stationarity  are  satisfied. 

In  the  Tables  1  and  2  a  comparison  of  current 
maximum  values  is  presented.  The  results  of  the 
lumped-circuit  and  the  field-theory  model  for  the  forced 
current  parameters  given  by  eq.  (9)  have  been 
compared.  The  percentage  difference  e  between  the 
results  has  been  defined  as: 

s  = I,ump  ~If,M  x  1 00%  (H) 

*  field 

where:  I^p,  lfieU  -  results  of  the  lumped-inductance  and 
field-theory  computations,  respectively. 


Table  1.  Com 

parison  of  results  for  LPS  from  Fig.  la 

conductor  No. 

yppjpiEiii 

£ ,  % 

1 

42.62 

37.71 

+13 

2 

13.93 

13.41 

+3.9 

3 

5.95 

7.56 

-21.3 

4 

3.93 

4.97 

-20.9 

5 

2.62 

4.94 

-47 

Table  2  Com 

Darison  of  results  for  LPS  from  Fig.  lb 

conductor  No. 

/ lump  5  kA 

If, eld,  kA 

£,  % 

1A 

19.53 

19.94 

-2.1 

IB 

23.47 

22.76 

+3.1 

1C 

38.81 

35.54 

+9.2 

2A 

17.83 

18.73 

-4.8 

2B 

18.29 

19.18 

-4.6 

2C 

17.23 

18.41 

-6.4 

3A 

15.67 

14.59 

+7.4 

3B 

14.64 

13.92 

+5.2 

3C 

11.82 

11.62 

+  1.7 

4A 

14.54 

15.79 

-7.9 

4B 

12.8 

14.43 

-11.3 

4C 

8.44 

10.39 

-18.8 

The  oscillations  that  occur  for  the  fast  current  pulse 
are  the  proof  that  not  for  each  waveform  the  lumped- 
circuit  theory  may  be  applied.  This  case,  typical  for  fast 
rising  lightning  subsequent  return  stroke  [7],  has  to  be 
analysed  using  only  field-theory  models. 

5.  CONCLUSIONS 

The  results  presented  above  were  obtained  using  the 
lumped-  and  distributed-circuit  model  of  the  LPS. 

A  new  idea  of  modelling  of  a  lightning  channel  has 
been  presented. 

For  typical  front-time  pulses  (of  order  of  several 
microseconds)  a  simple  lumped-inductance  model  leads 
to  results  that  in  most  cases  are  in  good  agreement  with 
complicated  computations. 


The  bigger  the  electric  dimensions  of  the  structure 
the  worse  the  conditions  of  quasi-stationarity  are 
satisfied.  The  case  of  distinct  disagreement  between  the 
lumped-  and  field-theory  models  has  been  presented  for 
the  forced  current  with  parameters  defined  by  eq.  (10). 

Typically,  the  lumped-circuit  models  of  the  LPS 
may  be  applied  if  the  following  conditions  are  satisfied: 

-  the  LPS  dimensions  must  be  not  greater  than  several 
tens  of  meters; 

-  only  the  first  return  stroke  may  be  analysed. 

The  results  received  in  this  work  may  be  used  while 
designing  of  lightning  protection  systems  and  predicting 
of  the  lightning  current  distribution. 
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Abstract  :  Very  fast  transition  duration  due  to  starting 
of  gap  discharge  were  investigated  in  time  domain. 
Voltage  rising  time  in  positive  polarity  and  falling  time  in 
negative  polarity  were  observed  with  a  very  wide-band 
transient  digitizer.  The  gap  space  was  set  very  small  for 
voltages  below  1500  V  as  a  simulation  of  the  CDM  ESD 
and  the  gap  discharge  of  switch  devices.  The  measurement 
system  consists  of  a  distributed  constant  line  system  with 
a  tapered  coaxial  electrode,  which  has  the  matched 
impedance  for  the  characteristic  impedance  of  the 
distributed  constant  line  system.  The  insertion  loss  of  the 
tapered  coaxial  electrode  was  within  -3dB  in  the  frequency 
range  below  4.5GHz.  The  atmosphere  around  the  electrode 
is  ordinary  air.  This  experimental  system  enables  to 
measure  the  high  speed  transients  of  about  100  ps  due  to 
gap  discharge  in  time  domain.  As  a  consequence  of  the 
experiment,  the  relationship  between  the  discharge  voltage 
and  the  transition  duration  were  confirmed. 

1.  INTRODUCTION 

It  is  well  known  that  the  very  fast  transients  of 
electromagnetic  field  are  arisen  from  gap  discharges  of 
ESD  (electrostatic  discharge)  and  electrical  contacts.  The 
transient  due  to  gap  discharge  is  a  very  wide  band  (high 
frequency)  electromagnetic  noise  source.  Over  the  past  few 
years  a  considerable  number  of  studies  have  been  made  on 
electromagnetic  noises  of  the  ESD  and  contacts  from  the 
point  of  view  of  the  electromagnetic  compatibility.  The 
electromagnetic  noise  characteristics  of  gap  discharge  are 
gradually  becoming  clearer  [l]-[7]. 
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However,  there  has  been  only  a  little  amount  of 
information  about  voltage  waveforms  of  the  transition 
duration  (voltage  rising  time  in  positive  polarity  and 
voltage  falling  time  in  negative  polarity)  due  to  a  starting 
of  the  discharge  in  very  wide  band  time  domain  [S]-[l  1]. 
Very  little  is  known  about  the  duration  of  voltage  rising 
time  and  voltage  falling  time  due  to  gap  discharge  at 
voltages  below  1500V.  The  main  purpose  of  this  paper  is 
to  clarify  the  transition  duration  due  to  gap  discharge  in 
voltages  below  1 500  V  as  the  EMI  source. 

It  is  desirable  to  observe  the  transition  duration  due  to 
gap  discharge  in  distributed  constant  system,  because  the 
transients  are  very  rapid.  In  the  first  place,  a  measurement 
system  using  the  distributed  constant  system  was 
established  to  observe  the  very  fast  transition  duration.  It 
was  confirmed  that  the  experimental  system  enables  to 
measure  the  high  speed  voltage  transients  of  about  lOOps 
[12]. 

In  this  paper,  relationship  between  source  voltage  and 
the  transition  duration  were  investigated  using  this 
experimental  system. 

2.  DISTRIBUTED  CONSTANT  EXPERIMENTAL 
SYSTEM 

The  experimental  system  using  distributed  constant 
line  system  shown  in  Fig.  1  was  set  up.  The  system 
consists  of  a  power  supply,  a  tapered  coaxial  electrode,  a 
directional  coupler  (HP778D)  as  coupled  transmission 
lines  and  semi-rigid  coaxial  cables  (50  Q )  as  distributed 
constant  lines.  The  directional  coupler  was  used  to  observe 
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PowerSupply  Coaxial  electrode  Coupled  transmission  lines 
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Fig.  1  Experimental  system  using  the  distributed 
constant  line  system 
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Fig.  2  Cross  section  view  of  the  tapered  coaxial  electrode 
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(a)  source  voltage  is  600V 


Fig.  3  Waveforms  of  rising  part  in  positive  polarity 


(b)  source  voltage  is  1000V 

Fig.  4  Waveforms  of  falling  part  in  negative  polarity 


the  transition  duration  When  the  directional  coupler 
was  driven  by  35  ps  rise  time  pulse,  it  had  a  response  of 
68  ps  rise  time.  The  tapered  coaxial  electrode  and  a  source 
side  semi-rigid  coaxial  cable  were  constructed  in  a  body. 
A  wide  band  transient  digitizer  (TEKTRONIX  SCD5000, 
4.5GHz)  connects  an  output  of  the  coupled  transmission 
lines  at  terminal  (3)  via  coaxial  attenuator  of  10  dB. 

Fig.  2  shows  a  cross  section  view  of  the  tapered 
coaxial  electrode.  The  electrode  consists  of  an  inner 
conductor  as  plane  electrode,  an  outer  conductor,  a  needle 
electrode  and  a  micro  _  meter  head  Each  conductor  was 
made  of  copper.  A  diameter  of  the  inner  conductor  is 
20.0mm,  an  inside  diameter  of  the  outer  conductor  is  46.2 
mm,  and  length  of  the  taper  is  50.0  mm.  The  taper  is  a 
linear  physical  taper.  The  characteristic  impedance  will  be 
constant  (Zc)  at  each  point  of  the  tapered  coaxial  electrode. 
So,  impedance  matching  between  the  cable  and  the  coaxial 
electrode  was  accomplished.  The  needle  electrode  was 
made  from  a  sharpening  the  inner  conductor  of  the  source 
side  semi-rigid  coaxial  cable.  The  two  needle  electrodes 
have  curvature  of  radius  r=0. 1  mm,  and  r=0.5  mm, 
respectively.  An  insertion  loss  of  the  electrode  measured 
by  a  network  analyzer  (HP8753D,  30kHz-6GHz).  The 
connection  between  needle  and  plane  electrodes  was  made 
by  mechanical  connection.  These  insertion  losses  are 
within  -3dB  in  the  frequency  range  below  4.5GHz. 

In  the  experiment,  the  semi-rigid  cable  with  the  needle 
electrode  is  moved  by  the  micro-meter  head.  The  gap 
space  is  reduced  gradually.  A  shingle-shot  waveform  of 
voltage  transients  at  the  instance  of  discharge  was 
observed  with  the  wide  band  transient  digitizer.  The 
duration  time  (10%-90%)  of  voltage  rise  curves  and  fall 
curves  were  observed,  where  the  voltage  of  power  source 
was  increased  from  400V  to  1300V.  Experimental 
parameters  are  the  radius  of  curvature  of  needle  electrode, 
the  source  voltage  and  the  voltage  polarity. 

3.  EXPERIMENTAL  RESULTS  AND  DISCUSSION 

3.1.  Experimental  results 

The  example  voltage  waveforms  of  transition  duration 
are  shown  in  Fig.  3  and  4,  when  the  radius  of  curvature  of 
needle  electrode  is  0. 1  mm.  Fig. 3  shows  the  rising  part  of 
transition  duration  in  positive  polarity  and  Fig.4  shows 
the  falling  part  in  negative  polarity.  In  both  figures,  (a)  is 
for  the  source  voltage  of  600  V,  and  (b)  is  for  1000  V, 
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respectively.  Converted  voltage  value  of  the  vertical  axis 
for  an  attenuation  of  30  dB  (20dB  of  the  coupler  and  10 
dB  of  the  attenuator)  is  about  33  V/div.,  and  for  the 
horizontal  axis  is  500  ps/div  ,  respectively.  The  voltage 
on  a  distributed  constant  line  at  the  load  side  should  rise 
(fall)  to  a  half  amplitude  of  the  source  voltage.  However, 
the  peak  value  of  the  waveforms  was  lower  because  of  the 
influence  of  the  coupling  characteristics  of  the  coupled 
transmission  lines.  Especially,  in  Fig.4  (b),  the  peak  value 
was  low,  because  the  high  frequency  components  were 
decreased  due  to  slowdown  of  transition  duration.  In  this 
report,  the  study  was  limited  only  to  the  relative  duration 
time  of  the  voltage  transients. 

In  Fig.3,  the  voltage  rise  time  of  (a),  and  (b)  is  about 
130  ps,  and  170  ps  respectively.  In  Fig.4,  the  voltage  fall 
time  of  (a),  and  (b)  is  about  150  ps,  and  260  ps 
respectively.  These  waveforms  show  an  acceptable 
reproducibility.  Relationship  between  source  voltage  and 
the  transition  duration  due  to  an  increasing  of  the  source 
voltage  from  400  V  to  1300  V  in  positive  and  negative 
polarity  are  shown  in  Fig.  5.  The  source  voltage  polarity 
and  radius  of  curvature  of  needle  electrode  are  as  follows; 
(a-p)  needle  of  r=0.1  mm  in  positive,  (b-p)  needle  of 
r=0.5  mm  in  positive,  (a-n)  needle  of  r=0.1  mm  in 


negative,  and  (b-n)  needle  of  r=0.5  mm  in  negative 
polarity.  In  these  figures  we  show  the  minimum, 
maximum  and  average  of  sixty  measurements.  The  voltage 
rise  time  of  (a-p)  and  (b-p)  is  from  1 16  ps  to  245  ps,  and 
from  107  ps  to  290  ps  respectively.  Furthermore,  voltage 
fall  time  of  (a-n)  and  (b-n)  is  from  142  ps  to  450  ps,  and 
from  1 10  ps  to  285  ps  respectively. 

The  relationship  between  the  discharge  voltage  and  the 
transition  duration  were  confirmed  from  these  results.  The 
voltage  rise  time  was  slowed  down  proportionately  to  the 
source  voltage  in  positive  polarity,  while  the  voltage  fall 
time  was  slowed  down' remarkably  in  negative  polarity  for 
the  r=0. 1  mm  needle.  It  can  be  considered  that  the  cause 
of  the  difference  in  transition  duration  influenced  the 
distribution  of  the  electric  field  in  the  gap  electrode. 

3.2.  Discussion  for  the  distribution  of  electric  field 
The  fields  distribution  were  decided  by  a  gap  length  and 
a  radius  of  curvature  of  needle  electrode.  The  field 
becomes  uniform  when  the  gap  length  is  very  short  in 
comparison  with  the  radius  of  curvature  of  the  needle 
electrode.  In  the  reverse,  it  becomes  a  non-uniform  field 
when  the  gap  length  is  long.  In  the  case  of  a  sphere 
electrode  and  a  grounded  plan  electrode,  formative  limits 
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200  400  600  800  1000  1200  1400 


Discharge  Voltage  [V] 

Fig.  6  Relation  between  discharge  voltage  and  the  gap 
length  in  this  experimental  system. 

of  the  uniform  field  are  given  by  (M.Topler's 
experimental  equation  in  1 907) 

d  /  (2*R)  <1.7  (2) 

d  /  (2-R)  <  0.9  (3) 

where  d  is  the  gap  length,  R  is  the  radius  of  sphere 
electrode,  and  equation  (2)  is  in  positive  polarity  and 
equation  (3)  is  in  negative  polarity.  When,  this  equation 
applied  to  our  experimental  system.  The  formative  gap 
lengths  of  the  uniform  field  are  below  0.34  mm  in 
positive  polarity  and  below  0.18  mm  in  negative  polarity 
at  the  needle  of  0. 1  mm  radius  of  curvature.  Furthermore, 
the  formative  gap  length  are  below  1.7  mm  in  positive 
polarity  and  below  0. 9  mm  in  negative  polarity,  where  the 
radius  of  curvature  is  r=0.5  mm.  Fig.6  shows  a  relation 
between  discharging  voltage  and  the  gap  length  in  this 
experimental  system.  When  the  radius  of  curvature  of 
needle  electrode  was  0.1  mm  in  negative  polarity,  the  field 
became  non-uniform  at  more  than  1200  V.  This  voltage 
agrees  approximately  with  the  results  of  Fig.  5  (a-n)  where 
the  fall  time  of  transition  duration  was  slowed  down 
remarkably. 

It  can  be  said  that  the  discharge  gives  breakdown 
directly  in  the  uniform  field,  while  the  breakdown  in 
non-uniform  field  is  reached  via  a  complex  process  of 
corona  discharge  (partial  discharge).  This  is  one  of  the 
causes  of  the  difference  of  transition  duration. 

3.3.  Confirmatory  experiment 

Confirmatory  experiment  was  proceeded  to  confirm  the 
difference  in  the  distribution  of  electric  field.  The  tapered 
coaxial  electrode  was  changed  for  the  needle-needle  type 
electrode  to  make  the  uniform  electric  field.  Fig. 7  shows 


Needle  Electrode 


<SourceSitfc>  <LoadSids> 

Fig  7  Cross  section  view  of  the  needle-needle  type 


electrode 


Source  voltage  [V] 


Fig.  8  Relationship  between  source  voltage  and  the 

transition  duration  in  the  needle-needle  electrode. 

a  cross  section  view  of  the  needle-needle  type  electrode. 
The  needle  electrode  was  made  from  a  sharpening  the  inner 
conductor  of  source  side  and  load  side  semi-rigid  coaxial 
cables.  The  radius  of  curvature  of  the  needle  electrodes  is 
0.1  mm,  respectively. 

The  relationship  between  source  voltage  and  the 
transition  duration  due  to  an  increasing  of  the  source 
voltage  in  negative  polarity  is  shown  in  Fig.8.  The 
voltage  fall  time  was  slowed  down  remarkably  from  about 
130  ps  to  about  450  ps  in  the  needle  to  plan  type 
electrode.  While  in  experiments  of  the  needle  to  needle 
type  electrode,  the  transition  duration  of  voltage  fall  time 
was  slowed  down  from  about  130  ps  to  about  300  ps 
relatively  with  the  source  voltage. 

4.  CONCLUSION 

The  very  fast  transition  duration  due  to  the  short  gap 
discharge  was  investigated  in  time  domain  using  the 
distributed  constant  line  system. 

As  a  consequence  of  the  experiment  using  this 


153 


measurement  system,  the  voltage  rise  time  was  slowed 
down  from  about  100  ps  to  about  300  ps  for  an  increasing 
of  the  source  voltage  from  400  V  to  1300  V  in  positive 
polarity.  While,  the  voltage  fall  time  was  slowed  down 
remarkably  from  about  130  ps  to  about  450  ps  when 
experiment  was  performed  in  negative  polarity  for  the  0. 1 
mm  needle  electrode.  The  relationship  between  the 
discharge  voltage  and  the  transition  duration  was 
confirmed  from  these  results.  That  is,  the  rise  time  of  the 
transition  duration  shows  similar  characteristics  in 
positive  polarity,  while  the  fall  time  was  slowed  down 
remarkably  in  negative  polarity  when  the  radius  of 
curvature  of  needle  electrode  was  0. 1  mm.  It  was 
confirmed  that  the  cause  is  the  differential  distribution  of 
electric  field  in  the  gap  of  electrode. 
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This  paper  discusses  a  modeling  procedure 
that  permits  calculation  of  lightning  vertical  and 
horizontal  electric  fields  starting  from  the  different 
functions  of  the  channel-base  current  proposed  in 
present  publications.  The  MTL  (Modified 
Transmission  Line)  model  of  the  current  wave 
propagation  along  the  channel  for  all  cases  is  the 
same.  The  peak  value  and  other  current 
parameters  during  modeling  of  the  electric  field  are 
standard  for  the  normalized  subsequent  return 
stroke. 

1.  INTRODACTION 

In  the  wide  area  of  electromagnetic 
compatibility,  all  mathematical  models  of 
observable  phenomena  are  based  on  Maxwell’s 
equations  [1],  For  lightning  return  strokes  the 
modeling  process  means  the  establishment  of  a 
relationship  between  a  source  of  interference  and 
the  response  of  electrical  system.  Indirect  lightning 
return  strokes  are  more  dangerous  cause  of 
damage  power  system  and  electronic  equipment 
than  direct  strikes,  because  of  their  more  frequent 
occurrence.  Therefore  it  is  very  important  to 
examine  all  aspects  of  models  represent  physical 
phenomenon  describing  lightning  return  strokes. 
Three  specific  models  are  necessary  to  evaluate 
lightning-induced  voltages  on  transmission  lines 
and  cables  [2].  On  the  beginning  it  should  be 
consider  a  mode!  for  the  current  propagation  in  the 
discharge  and  channel-base  current.  The  next 
problem  is  calculation  of  the  lightning  return-stroke 
electromagnetic  field  propagation  over  a  real  soil 
with  finite  conductivity.  The  final  stage  is  coupling 
this  field  with  different  structures  as  transmission 


lines  and  cables  [3-6].  The  Agrawa!  model  appears 
mechanism  of  the  field-to-line  coupling  [7].  This 
model  uses  the  vertical  and  horizontal  electric  field 
to  calculate  the  induced  voltages  and  current  in  the 
transmission  lines.  The  horizontal  electric 
component  ought  to  account  along  the  line.  The 
hypothesis  of  perfect  conducting  ground,  adopted 
in  studies  on  the  subject,  correctly  represent  a 
nearby  lightning  return  stroke.  When  the  distance 
from  lightning  return  stroke  not  exceed  a  few 
hundred  maters  it  is  necessary  to  investigate  all 
components  of  the  electric  field  (electrostatic, 
induction  and  radiation).  Sommerfeld  has  treated 
general  problem  of  a  dipole  above  an  imperfectly 
conducting  ground  [8],  His  expression  for  the 
electric  field  depends  on  the  slowly  converting 
integrals.  It  is  not  convenient  to  apply  these 
expressions  in  the  numerical  modeling.  For  the 
distance  range  that  does  not  exceed  a  few 
kilometers  from  the  lightning  channel  vertical 
electric  field  can  be  calculated  with  assuming  the 
ground  as  a  perfect  conductor.  The  horizontal 
component  of  the  electric  field  is  more  affected  by 
the  finite  conductivity  of  the  ground  than  the 
vertical  one.  For  the  few  hundred  meters  horizontal 
component  can  be  calculated  with  assumption  the 
perfect  ground  conductivity  [9], 

2.  SPATIAL-TEMPORAL  DISTRIBUTION  OF  THE 
CURRENT  ALONG  THE  LIGHTNING  CHANNEL 

A  mathematical  model  that  permits  the 
calculation  of  vertical  and  horizontal  electric  field 
components  of  lightning,  starting  from  MTL  model 
for  the  current  distribution  in  the  discharge 
proposed  in  [9],  The  lightning  channel  is  assumed 
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to  be  the  vertical  antenna  above  a  perfect  ground 
plane.  The  assumption  of  the  perfectly  conducted 
ground  can  be  adopted  in  the  calculation  nearby 
indirect  lightning  return  stroke.  The  distribution  of 
the  lightning  return  stroke  current  can  be 
expressed  by 

/(z\f)  =  /(0,f--)exp(-^)  (1) 

v  A 

where: 

A  -  Decay  constant  determined  in  the  range 
of  1-2  km, 

v  -  Velocity  of  the  return  stroke  current, 
z’  -  Spatial  variable  along  the  channel. 

3.  THE  CHANNEL-BASE  CURRENT 

There  are  many  different  functions  for  the 
channel-base  current.  It  will  be  examine  three 
functions  the  most  popular  in  present  publications. 
For  example  in  [10]  the  channel  base-current  is 
approximated  by  normalized  function 


'(0,0 

where: 


I  o  (t/r  i)n 
ri  1  +  (f/r1)n 


(2) 


/„  =  25  kA 
t i  =  0,993 
r,  =  0,454  fjs 
r2  =  1 43  //s 
n  =  10 


-  Amplitude 

-  Amplitude  correction  factor 

-  Front  time  constant 

-  Decay  time  constant 

-  Exponent 


These  parameters  reproduce  the  channel-base 
current  of  a  typical  subsequent  lightning  return- 
stroke  with  the  peak  value  25  kA,  the  front  time 
Tf  =0,25//s  and  the  half-delay  time^  =100/ts. 
Several  authors  adopt  for  the  channel-base  current 
an  analytical  expression  described  by  a  sum  of  two 
functions  similar  to  above  presented 


■■  ^"-expC-L) 
1  +  (tlTv<)n  7 2 * 


(3) 


The  parameter  rjk  is  the  amplitude  correction 
factor,  which  can  be  expressed  in  the  form 

Vx  =  exp[(--^-)(^)1/n)  (4) 

r2k  rM< 

where: 

l0k  -  Amplitude  of  the  channel-base  current 

r1k  -  Front  time  constant 

r2k  -  Decay  time  constant 

n  -  Exponent  (2.. .10). 


In  particularly  parameters  of  this  function  that  are 
shown  in  Table  1  good  reproduce  the  shape  of 
current  from  Eq.  (2). 


Table  1.  Parameters  of  two  functions  from  (3) 
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Function  from  Eq.  (3)  is  used  instead  the  double 
exponential  function  of  the  following  type 

/(0,f)  =  —  [exp(-af)  +  exp(-/ff)]  (5) 

This  function  has  non-continuous  time  derivative  at 
t  =  0 .  Parameters  of  this  function  are  presented  in 
Table  2.  The  channel-base  currents  describe  by 
equations  (2),  (3)  and  (5)  have  the  same  peak 
value,  front  time  and  half-delay  time  but  their  time- 
derivatives  are  different  (see  Fig.1  and  Fig.2). 


Table  2.  Parameters  of  the  double  exponential 
function  (equation  (5)) 
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Fig.1.  Channel-base  currents  for  Eq.  (2),  (3)  and  (5) 


Fig.2.  Time  derivatives  of  the  channel-base  currents 
(for  Eq.  (2),  (3)  and  (5)) 
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3.  LIGHTNING  RETURN-STROKE 
ELECTROMAGNETIC  FIELD 

The  lightning  channel  is  assumed  to  be  vertical 
antenna  above  a  ground  plain  (see  Fig.  3). 


Fig. 3.  Geometry  of  the  problem 


By  assuming  the  ground  as  a  perfect  conductor  it 
is  possible  to  derive  the  expressions  for  the 
horizontal  and  vertical  electric  field  of  the  nearby 
lightning  return  stroke  from  Maxwell’s  equations 
[11].  These  expressions,  adopted  to  the  MTL 
model,  in  the  frequency  domain  become  [12] 


where 


N 

o 

II 

—A 

NJ 

O 

>1 

-  Free  space  characteristic 
impedance 

H 

-  Height  of  the  channel 

_  /v2  .  ,/2 

-  Distance  from  the  lightning 

P -yx  +y 

channel 

r 

-  Distance  from  the<*'  element 

c 

-  Speed  of  the  light  in  vacuum 

k  =  (olc 

-  Wave  vector 

In  the  frequency  domain,  the  traveling-wave 
current  distribution  is  given  by 

l(r,jco)  =  /(ry)exp(-(1/A  +  jcol  v)\z'\)exp(-jrk)  (8) 

where 

l(w)  -  Fourier  transform  of  the 

channel-base  current 
(Eq.  (2),  (3)  or  (5)) 

a  =  1  /  X  +  jco  /  v  -  The  channel  propagation 
constant 

exp(-jrfc)  -  Phase  related  with  the 

distance/" 

The  total  electric  field  is  obtained  by  integrating 
along  the  vertical  channel  and  its  image.  The 
electrostatic  component  is  related  to  the  integral  of 
the  channel  current  (the  first  component  in 
equations  (6)  and  (7)),  the  induction  component  is 
a  consequence  of  the  decomposition  current  along 
the  lightning  channel  (the  second  component  in 
equations  (6)  and  (7)),  and  the  radiation 
component  is  related  to  the  time  derivative  of  the 
channel  current  (the  third  component  in  equations 
(6)  and  (7)).  Note  that  Fourier  transform  of  the 
integral  association  with  the  electrostatic 
component  includes  the  element  S(a>) . 

Approximation  of  this  relation  is  used  in  the 
numerical  calculation  because  the  electrostatic 
component  for  co  -  0  is  not  definite  in  the 
frequency  domain. 

4.  NUMERICAL  CALCULATIONS 

In  Fig  4  and  5  there  are  shown  shapes  of  the 
horizontal  and  vertical  electric  fields  and  their 
components  for  three  different  channel-base 
currents.  In  all  cases  the  parameters  were  the 
same  in  the  MTL  model  of  the  current  distributed 

along  the  channel  (2=1,7  km,  v  =  1,3-10® m/s). 
The  high  of  channel,  H,  is  also  a  parameter  but  it  is 
not  significant  in  determining  the  radiated 
waveforms  [2],  The  electric  field  was  calculated  for 
the  one  hundred  meters  away  of  the  lightning 
return-stroke  channel  and  ten  meters  above  the 
perfectly  conducting  ground.  The  vertical  electric 
field  has  negative  sign  and  it  is  stronger  than 
horizontal  electric  field  about  ten  times  (see  Fig.  4 
and  Fig.  5).  All  plots  show  that  different  models  of 
the  channel-base  current  give  very  similar  field.  In 
fact  only  for  current  described  by  Eq.  (2)  can  see 
less  than  3-5%  differences  (that  depends  on  a 
range  time).  Of  course  the  greatest  differences  are 
for  vertical  and  horizontal  radiation  components 
that  depend  on  time  derivatives  of  currents. 
Channel-base  currents  described  by  Eq.  (3)  and 
(5)  have  different  time  derivatives  but  the  radiation 
components  are  very  similar. 
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5.  CONCLUSIONS 

Three  different  functions  of  the  channel-base 
current  were  adopted  in  the  MTL  model  for  the 
mathematical  modeling  of  the  lightning  electric 
field.  The  current  describes  by  double  exponential 
function  gives  the  same  horizontal  and  vertical 
fields  as  the  channel-base  current  described  by  a 
sum  of  two  normalized  functions.  Therefore  electric 
fields  can  be  calculated  properly  for  MTL  model 
with  the  double  exponential  function  although  the 
time  derivative  of  such  function  is  not  consistent 
with  measured  return-stroke  time  derivative 
waveshape.  An  in  the  future  study  of  lightning  will 
be  tested  a  simplified  equations  of  the  lightning 
electromagnetic  field  and  coupling  this  field  with 
transmission  lines. 
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Lightning  discharge  is  one  of  the  basic  sources 
of  electromagnetic  impulses,  which  threats  to  de¬ 
vices  working  in  complex  computer  nets.  Espe¬ 
cially  dangerous  are  overvoltages  during  direct 
lightning  stroke  to  building.  Taking  this  fact  into 
account,  the  investigation  were  made  to  estimate 
the  levels  and  shapes  of  the  induced  overvoltages 
in  structural  cabling  systems  due  to  electro¬ 
magnetic  fields  from  surge  currents  in  lightning 
protection  systems  (Ips).  Studies  of  lightning  over¬ 
voltages  are  an  important  element  in  the  reliability 
analysis  of  local  area  networks. 

1.  INTRODUCTION 

The  wide  usage  of  semi-conductor  elements 
and  integrated  circuits  in  construction  of  electrical 
and  electronic  devices  considerably  decreases  the 
dimensions  and  simultaneously  increases  possi¬ 
bilities  of  these  devices.  However  newly  built  de¬ 
vices,  without  uses  of  protective  elements  or  sys¬ 
tems,  characterize  diminished  resistance  to 
electromagnetic  disturbances.  The  most  important 
natural  source  of  electromagnetic  interferences  is 
lightning  discharge,  which  interacts  directly  and 
indirectly  with  electrical  and  electronic  systems. 

One  of  the  systems  most  affected  by  lightning 
interference  is  data  transmission  installation.  When 
an  external  EM  field,  such  as  lightning  electromag¬ 
netic  pulse  (LEMP),  irradiates  a  data-network,  the 
resulting  induced  voltage  impulse  across  the 
electric  load  of  the  network  (e.g.  across  a  com¬ 
puter  or  telecommunication  sub-assembly)  is 
mainly  due  to  two  effects: 

-  the  antenna  characteristics  of  the  data-network, 

-  the  data-network  response  to  the  overvoltage 
and  overcurrent  surges  coming  from  the  exter¬ 
nal  line  which  were  induced  in  these  lines  by 
the  same  lightning  event. 

During  a  direct  lightning  stroke  to  building  the 
surges  in  data-transmission  networks  are  induced 
by  the  electromagnetic  field  which  is  caused  by 
lightning  current  which  propagated  in  lightning 
protection  systems  or  conducting  elements  of 
building’s  construction.  These  surges  may  disturb 
or  damage  the  electronic  equipment.  The  level  of 
interferences  in  a  network  strongly  depends  on  the 


physical  structure  of  the  network  itself.  One  of  the 
biggest  problems  regarding  the  control  of  lightning 
induced  overvoltages  in  a  data-transmission  in¬ 
stallation  is  the  evaluation  of  the  response  of  a 
complex  wiring  system  to  a  LEMP.  The  suscepti¬ 
bility  of  specific  structural  installation  to  transient 
waveforms  of  lightning  origin  is  rather  difficult  and 
complex  to  calculate. 

Nowadays  the  most  popular  kind  of  wiring  ap¬ 
plied  to  complex  systems  of  connections  between 
electronic  devices  is  structural  cabling.  This  is 
system  of  wiring,  which  makes  possible  realization 
of  definite  configuration  of  connections,  but  with 
possibility  his  future  extensions  and  reconfigura¬ 
tion.  Therefore  wiring  of  building  without  earlier 
knowledge  of  devices,  which  will  be  making  use  of 
wiring  is  possible.  However  every  type  of  wiring  of 
building  can  create  threat  to  devices  joint  to  it  as  a 
result  of  induced  overvoltages. 

2.  EXPERIMENTAL  SET-UP 

The  most  dangerous  case  is  a  direct  lightning 
stroke  to  the  building  in  which  a  computer  system 
is  installed.  During  such  a  stroke,  additionally  to 
the  LEMP,  the  surge  current  of  high  amplitude  and 
short  rise  time,  which  flows  to  the  ground  in  a 
lightning  protection  system  or  a  steel  construction 
of  the  building,  should  be  taken  into  account.  In 
this  paper  selected  results  of  the  experimental 
studies  on  the  structural  cabling  network  of  UTP 
category  5  cable  are  presented. 

Already  in  line  segments  from  several  to  tens 
metres  long,  interconnecting  devices  inside  the 
building,  induced  overvoltages  of  relatively  high 
values  can  occur. 

The  measurements  were  carried  out  on  the 
real  network  of  a  brick  building.  During  research 
the  current  generator  was  connected  to  the  bottom 
end  of  the  to  the  perpendicular  aluminium  pipe 
about  7.7  metre  long  placed  inside  building.  The 
upper  end  of  the  pipe  was  connected  to  air  termi¬ 
nal  of  Ips  on  the  roof  of  the  object  (node  x  on  Fig. 
la).  The  second  pole  of  generator  was  joint  to 
earthing  installation  in  building.  In  this  arrangement 
the  surge  current  flowed  into  aluminium  pipe  and 
subsequently  in  building’s  Ips  (Fig  la.). 
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a) 

Wires  of  lightnig  protection  system 


b) 

sphere  spark  gap 


Fig.  1.  Schematic  diagram  of  experimental  set-up 

a)  lightning  protection  systems  with  surge  current, 

b)  surge  current  generator 

The  surge  current  was  measured  with  a 
shunting  resistance  Rb  =  0,92mft  and  transient  re¬ 
corder  HP  5451 0A.  The  magnitudes  and  the 
shapes  of  surge  currents  were  regulated  by 
changing  the  values  of  resistance  R  (R  =  10ft, 
22ft,  50ft  and  100ft)  at  Ug  =  15  kV. 

In  measurements  the  amplitudes  of  surge 
currents  in  the  pipe  reach  the  values  from  several 
hundreds  A  to  several  kA. 

Some  examples  of  surge  current  which  flows  in  the 
pipe  are  presented  in  Fig. 2, 

Measurements  were  conducted  in  circuits  of  real 
structural  installation  arranged  inside  2-storey 
building  of  brick. 

This  permitted  to  avoid  some  errors  (which  would 
be  appear  in  model  researches  as  a  result  of 
different  simplifications)  giving  overvoltage  image 
in  typical  installation. 

The  transverse  and  longitudinal  induced  voltages 
appearing  in  the  structural  installation  were  regis¬ 
tered  in  selected  sockets  using  HP  10441 A  and 
transient  recorder  HP  54522A. 

The  measurement  system  is  shown  in  Fig.  3. 
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Fig.  2.  Examples  of  surge  currents,  which  flow  in 
pipe  and  next  in  lightning  protection  system 
(R=1  Oft,  22ft,  50ft  and  100ft) 


Fig.  3.  Schematic  diagram  of  the  experimental  set¬ 
up  for  induced  voltages  measurements 


Figure  4  shows  vertical  projection  of  building’s 
above-ground  storey  fragments,  with  marked  point 
of  test  current  introducing  to  the  Ips  and  points  of 
overvoltage  measurements  in  structural  cabling 
systems. 

Structural  cabling  installation  was  performed 
with  commonly  applied  unshielded  twisted  pair 
cable  (4-pairs  UTP  category  5).  All  structural  lines 
of  building  converged  in  cross-room  (floor  dis¬ 
tributor  in  room  no  022)  on  ground  floor. 
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test  current  peak  value  1.55  kA  and  rise  time  2.5 
ps  (fig.  2a). 


Lengths  of  lines  were  from  several  metres  to 
several  tens  metres.  The  greatest  line  length,  at 
which  measurements  were  carried  out  was  about 
60  metres  (room  no  158). 


Fig.  4.  Fragments  of  the  first  floor  in  object  with 
structural  cabling  system  in  which  the  measure¬ 
ments  of  the  induced  overvoltages  were  made.  In 
rooms  the  measuring  points  (sockets)  of  structural 
installation  were  marked. 

3.  EXPERIMENTAL  RESULTS 

Measurements  of  overvoltages  induced  by  dif¬ 
ferent  shape  currents  ig  were  conducted  among 
others  in  rooms  no  024  and  140  (Fig.  4).  In  the 
experimental  study  the  structural  cabling  systems 
was  completely  disconnected  from  computers. 
Measurements  were  taken  in  two  cases:  without 
load  and  with  load  of  a  100  Q. 

Figure  5  shows  example  oscillograms  of  voltages 
registered  in  two  sockets  of  structural  installation  at 
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Fig.  5.  Voltages  induced  in  two  sockets  at  1st  floor: 
a),  b)  in  socket  1c  without  load  and  with  load  100Q 
respectively,  c),  d)  in  socket  7c  without  load  and 
with  load  lOOfi  respectively 


Maximum  values  of  overvoltages  registered  in  se¬ 
lected  sockets  of  structural  installation  for  currents 
with: 

-  peak  values  1 550A  and  274A, 

-  rise  times  respectively  2.5  ps  and  1 ,2ps 
which  are  put  to  the  lightning  protection  systems 
are  taken  below  in  table  1. 
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Table  1:  Overvoltage  levels  registered  in  selected 
sockets  of  structural  installation 


Measure¬ 
ment  point 
(socket) 
(fig-  5) 

Surge  c 
param 
peak 
value 
[A] 

urrent 

eters 

rise 

time 

[Ms] 

Max  value  of  c 
positive  / 

open  circuit 

vervoltage  [V] 
negative 

load  100  Q 

1c 

(room  024) 

1550 

274 

2,5 

1,2 

268,4/ -73,93 

17,64  / -13,88 

53,83  /  -59,49 

4,12/ -5,07 

3c 

(room  028) 

1550 

274 

2,5 

1,2 

15,00/ -36,15 
10,84  / -17,17 

5,66/ -5,33 
3,72/ -3,62 

4c 

(room  1 30) 

1550 

274 

2,5 

1,2 

51 ,44/ -32,84 

23,01  / -22,64 

18,56  / -22,69 

12,62 /-II, 93 

7c 

(room  1 40) 

1550 

274 

2,5 

1,2 

76,99/ -24,69 

41,88  /  -15,80 

15,19  /  -5,71 
10,44/ -6,06 

On  the  base  of  all  registered  in  structural  instal¬ 
lation  overvoltages  some  rules  can  be  formulated: 

•  induced  overvoltage  values  decreased  with  the 
length  of  line;  the  greatest  values  were  regis¬ 
tered  in  short  sections  of  lines  ending  in  rooms 
adjoining  to  the  cross  room;  this  may  also  result 
from  the  fact  that  the  pipe  with  full  current  was 
located  5  metres  away  from  this  cross  room; 

•  if  line  on  certain  piece  ran  vertically  (in  parallel 
to  the  pipe  with  surge  current),  overvoltage 
levels  increased  2-H3  times; 

•  peak  to  peak  values  of  overvoltage  induced  in 
structural  wiring  with  load  R=100Q)  were 
average  about  15-5-4  times  smaller  than  in  open 
circuit; 

•  overvoltage  level  in  wiring  grew  about  2  times 
slower  than  value  of  test  current. 

Registered  overvoltage  values  grew  with 
increasing  test  current  rise  time.  In  spite  of  gen¬ 
erating  of  current  surges  of  different  shapes  and 
overvoltages  registration  in  many  points  of  installa¬ 
tion  did  not  succeed  to  fix  of  distinct  relation 
between  current  rise  time  and  overvoltage. 

The  same  installation  may  be  cause  of  these  -  its 
different  parts  ran  different  ways  and  in  different 
horizontal  directions  and  also  in  vertical  direction  in 
relation  to  the  source  of  disturbances,  therefore  the 
resultant  surge  voltage  being  sum  of  voltages  in 
different  running  sections  of  the  line  was  accidental 
(similarly  like  in  any  other  real  installation). 

4.  CONCLUSIONS 

Investigations  showed  high  level  of  lightning  over¬ 
voltages  induced  in  structural  wiring  by  simulated 
lightning  current  flowing  in  Ips  of  the  building.  At 
current  peak  value  only  1,  55  kA  and  rise  time  2.5 
ps  voltages  registered  in  different  points  of  instal¬ 
lation  had  peak  to  peak  values  of  some  tens  + 
some  hundreds  volts. 


Attention  should  be  paid,  that  in  case  of  direct 
lightning  strikes  to  objects  the  real  lightning  cur¬ 
rents  have  multiple  higher  peak  values  and  shorter 
or  similar  rise  times.  Then  the  levels  of  over¬ 
voltages  induced  in  wiring  arranged  inside  the 
building  will  exceed  considerably  the  electric 
strength  of  the  input  elements  of  the  computers  or 
other  devices  in  system  and  circuits  and  damaged 
them. 

Some  overvoltage  measurements  in  real  structural 
cabling  during  lightning  current  distribution  in  Ips  of 
the  object  confirm  possibilities  of  damages. 

Only  well-chosen  overvoltage  protection  de¬ 
vices  in  structural  cabling  systems  assure  the  pro¬ 
tection  against  this  kind  of  danger. 
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In  order  to  assess  the  impact  of  the  possible  EMC 
problems  induced  on  an  electric  railway  system  by  a 
fast  transient  electromagnetic  field  incoming  on  the 
considered  structure  the  effects  due  to  a  LEMP  has  been 
here  considered.  Different  models  of LEMP  itself  and  of 
the  coupling  LEMP-railway  phenomena  have  been 
considered  and  compared.  Further  results  and  more 
analytical  details  will  be  directly  presented  at  the 
symposium. 


1.  INTRODUCTION 

The  electric  railway  system  is  characterized  by  the 
presence  of  an  overhead  line,  two  periodically  grounded 
conducting  lines  and  an  impressed  current  system 
leading  an  electrically  driven  motor. 

The  catenary-pantograph-drive-railroad  connection 
may  be  so  considered  as  an  impressed  current  loop 
possible  victim  of  an  incoming  high  power  transient 
field. 

In  particular  we  focused  our  attention  on  the  Italian 
traction  system  that  is  very  untypical  since,  differently 
with  respect  to  most  other  European  systems,  the 
traction  system  is  driven  by  a  DC  impressed  current,  see 
Fig.  1. 

Another  important  feature  characterizing  the 
considered  problem  is  that  every  electric  railway  is  an 
installation  spread  over  a  very  large  area  and  so  it  has  an 
high  probability  of  being  exposed  to  natural  lighting 
discharges  or  it  can  be  easily  exposed  to  similar 
artificial  transient  fields. 

In  fact  the  effects  induced  by  direct,  or  even  mostly 
by  an  indirect  lighting  discharge,  are  quite  common  and 
unfortunately  they  can  cause  damages  both  to  the 
subsystems  of  feeding  and  to  subsystems  related  to  the 
safety. 

In  this  context  just  indirect  lightning  discharge  has 
been  considered  since  first  of  all  the  endangered  area 
where  this  phenomenon  may  occur,  involving  a 
practical  railway  system,  is  considerably  much  greater 
than  for  a  direct  discharge  phenomenon. 

Moreover  a  direct  discharge  is  usually  taken  into 
account  by  severe  safety  standards  and,  for  what 


concerns  the  EMC  effects,  by  the  European  Standard 
EN-50123,  while  the  electromagnetically  coupled 
transient  due  to  a  nearby  discharge  is  only  considered 
by  a  particular  part  of  the  last  EMC  standards. 

The  last  consideration  just  means  that  the 
introduction  of  specific  systems  for  avoiding  the  direct 
stroke  unwanted  effects  on  the  traction  system  are  much 
more  widely  introduced,  just  for  compliance,  than  those 
for  reducing  the  indirect  stroke  coupling  problems. 

Furthermore  due  to  the  rising  possibility  of 
producing  at  low  cost  and  high  portability  high  power 
microwave  transient  generators,  or  other  kinds  of  EMP- 
like  generators,  with  a  generated  field  with  spectral 
characteristics  close  to  the  natural  EMP  (lightning),  it  is 
now  of  great  importance  to  understand  in  detail  the  kind 
of  the  possible  damages  induced  by  these 
electromagnetic  fields,  i.e.  the  vulnerability  of  the 
railway  systems  to  this  kind  of  excitation. 

In  this  paper  just  the  overvoltages  induced  on  the 
overhead  lines  have  been  now  considered,  while  for 
what  concerns  the  problems  induced  on  the  catenary- 
pantograph  system  [4]  or  on  die  pantograph-drive  or  on 
die  electronic  controls  widely  introduced  on  the  rail- 
transit  vehicles,  dicse  all  will  be  object  of  the  future 
work  of  the  authors. 

In  fact  in  order  to  perform  a  fast  transient 
vulnerability  analysis  of  the  whole  railway  system  it  is 
first  necessary  to  focus  the  attention  on  the  parts  of  the 
considered  complex  system  that  seems  to  have  the 
highest  probability  of  having  problems  due  to  the 
considered  electromagnetic  attack  [5],  and  then  to  pass 
to  consider  all  die  others  till  die  construction  of  a 
complete  vulnerability  model. 


2.  STROKE  MODELS 

In  order  to  study  in  detail  the  overvoltages  induced  on 
the  overhead  line  of  a  railway  system  due  to  a  lightning 
indirect  stroke,  two  different  models  of  channel  strokes 
have  been  here  considered  and  compared. 

In  particular  the  stroke  channel  has  been  first 
considered  straight,  according  to  die  model  mostiy 
present  in  literature  [3], 
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Overhead  line 


Fig.  1  :  Considered  railway  systems 


Then  the  EMP  natural  source  has  been  modeled 
through  a  piecewise-linear  tortuous  and  branched 
model,  see  Fig.2,  according  to  last  model  recently 
developed  by  the  authors  [1,2]. 


300 


Fig.  2:  Lightning  geometry  of  the  considered 
branched  channel 


For  what  concerns  the  first  lightning  channel  model, 
the  cliannel  stroke  has  been  considered,  as  usually,  as  a 
vertical  linear  antenna  on  which  an  impressed  current 
with  well-known  frequency  spectrum  bandwidth  is 
traveling. 

Dealing  with  the  physical  characteristics  of  the 
considered  current  there  several  different  models  are 
available  in  literature. 

Ad  example  the  altitude  distorted  one  [6,7],  the 
heuristic  Willet-Le  Vine  model  [8]  taking  into  account 
the  height  distortion,  and  a  lot  of  others  current  models 
try  to  model,  through  the  current  properties  itself,  the 
physical  characteristics  of  the  measured  parameters, 
such  as  light  intensity  and  radiated  field  [9]. 

The  model  here  considered  and  numerically 
implemented  in  tire  simulation  tools  among  tire  previous 
ones,  is  tire  one  described  in  detail  in  [3],  that  is  a  kind 
of  first  order  but  very  effective  approximation,  for  sake 
of  numerical  optimization  with  tire  coupling  model,  of 
tire  more  detailed  but  even  more  complex  one  reported 
in  [9], 

On  tire  contrary  for  what  concerns  the  tortuous  and 
branched  channel  model,  the  lightning  channel  has  not 
been  substituted  by  a  vertical  linear  antenna  for 
computing  tire  radiated  field  since  in  previous  works  of 
tire  authors  it  Iras  been  demonstrated  that  this 
approximation  do  not  let  to  take  into  account  the  higher 
portion  of  tire  radiated  spectrum  of  tire  experimentally 
observed  lightning  strokes. 

On  tire  contrary  tire  introduction  of  a  tortuous,  due  to 
tire  kinks,  and  branched  channel  can  easily  manage  even 
tire  higher  portion  of  tire  radiated  fields,  higher  portion 
that  can  be  of  particular  interest  for  the  coupling 
phenomena  on  tire  victim  system. 

Furthermore  since  it  is  useful  to  apply  the  results  of 
tire  following  considerations  even  for  artificial 
transients,  tire  most  complex  model  Iras  to  be  considered 
since  the  artificial  EMP  generators  usually  are  designed 
for  working  in  tire  microwave  band 


3.  RADIATED  FIELDS 


Tire  lighting  discharge  has  been  considered  happening 
with  a  known  distance  from  tire  line,  with  a  known 


length  of  the  ground-to-cloud  channel,  with  a  known 
value  of  peak  current. 

All  these  parameters,  distance,  length  and  peak 
current  value,  have  been  assumed  according  to  typical 
experimental  data. 

To  obtain  the  electric  field  values  induced  by 
lighting  discharge  it  were  used  two  suitable  numerical 
programs,  one  already  available  in  literature  [3]  for  the 
straight  channel,  and  the  other  RADBR,  (RADiation 
from  BRanched  channel),  [1,2],  that  has  been 
specifically  designed  in  order  to  take  into  account  that 
untriggered  lighting  discharge,  i.e.  natural  lightning, 
does  not  necessarily  occur  trough  a  direct  channel  but 
usually  trough  a  zigzag  way. 

For  what  concerns  the  first  numerical  program  the 
considered  geometry  has  been  reported  in  Fig.  3. 


Fig.  3:  Considered  geometry  of  the  lightning  stroke  and 
victim  system  in  the  straight  approximation. 


The  discharge  currents  traveling  in  the  two  kinds  of 
channel  considered  are  again  different,  since  these  were 
developed  for  two  different  purposes. 

Ad  example  in  the  straight  channel  the  excited 
current  has  been  reported  in  Fig.  4,  where  the  decaying 
time  constant  was  too  high  and  the  current  do  not  fall 
down  but  assume  a  flat  behavior  for  taking  into  account 
in  a  better  way  the  low  frequency  part  of  the  radiated 
spectrum  as  it  is  usually  done  in  the  papers  working 
with  that  kind  of  model. 

On  the  contrary  the  decaying  time  constant 
introduced  in  the  branched  channel  model  is  much 
lower  since  that  kind  of  model  has  been  introduced  not 
for  approximating  the  low  frequency  portion  of  the 
radiated  field  but  for  a  better  consideration  of  the  higher 
frequency  components  with  respect  to  the  standard 
straight  channel  model. 
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Fig.  4:  Considered  current  for  the  straight  channel 
model. 

In  fact  assuming  the  branched  channel  model  a 
typical  example  of  the  radiated  electric  fields  that  is 
possible  to  obtain  is  reported  in  Fig.  5. 

In  particular  in  this  figure  the  considered  observation 
point  is  veiy  far  from  the  stroke  footpoint,  105  m,  the 
considered  channel  is  a  veiy  tortuous  one,  with  a  lot  of 
primary  and  secondary  branches,  and  the  ground  and 
cloud  reflections  have  been  included. 

In  Fig.  5  it  is  also  possible  to  compare  the  different 
time  domain  behavior  of  a  branched  channel  with  an 
equivalent  straight  channel  with  the  same  total  length. 
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Fig.  5:  Electric  Field,  measured  in  V/m,  radiated  by  a 
tortuous  channel  with  and  without  ground  reflection  and 
with  and  without  branches. 

From  this  comparison  one  can  conclude  that  the  high 
frequency  contents  of  the  radiated  field  is  substantially 
affected  by  the  geometrical  properties  of  the  discharge 
channel. 

The  discontinuity  present  in  the  equivalent  straight 
channel  radiated  field  it  is  due  to  the  fact  flat  in  that 


main  charnel  tortuosity  plus  branch  effects 
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case  the  ground  reflection  was  included  through  the 
model  described  in  detail  in  [2], 

The  behavior  of  the  radiated  field  as  a  function  of 
time  is  also  function  of  the  distance  between  the 
observation  point,  it  means  the  victim  system,  and  the 
stroke  footpoint. 

In  order  to  point  out  this  kind  of  problem  in  Fig.  6 
the  behavior  of  the  computed  radiated  electric  field, 
vertical  component  as  in  the  previous  figure,  as  a 
function  of  that  distance  are  reported. 

The  channel  considered  is  a  very  simple  branched 
channel  with  respect  to  the  one  considered  for  Fig.5  in 
order  to  try  to  focus  now  the  attention  just  on  the  victim 
system  position  function. 


Electric  Fields  computed  as  a  function  of  time 
and  distance  from  the  stroke 


Time[s] 

-4000  m-  8000  ml 


Fig.  6:  Electric  Field,  measured  in  V/m,  radiated  by  a 
tortuous  channel. 


4.  INDUCED  VOLTAGES 

In  order  to  try  to  understand  how  the  electromagnetic 
field  radiated  by  a  lightning  stroke  can  effectively 
couple  with  the  considered  victim  target  in  this  paper 
just  the  effects  induced  on  the  overhead  line  lias  been 
considered. 

This  kind  of  approach  is  of  course  just  a  first  step  of 
the  complete  vulnerability  analysis  of  the  railway 
system,  but  it  is  of  particular  importance  since  among 
the  different  possible  ways  of  coupling  of  the  killer 
signal  with  the  target  system  the  overhead  lines  seem  to 
be  one  of  the  most  effective  for  the  following 
considerations. 

•  The  overhead  lines  form  a  fixed  installation 
spread  over  a  very  large  area,  and  so  there  is 
high  probability  that  an  EMP  generating 
phenomenon  occurring  somewhere  can  impact 
effectively  on  it.  This  point  is  absolutely  not 
true  concerning  with  the  mobile  electronics  on 
board  that  if  not  present  right  there  in  the 
considered  stroke  area  cannot  be  directly 
affected. 


■  The  interferences  due  to  a  coupling  with  an 
incoming  EMP  on  the  overhead  lines  can 
propagate  through  them  and  impact  on  the 
mobile  part  of  the  system  through  a  secondary 
coupling.  On  the  contrary  the  other  conducting 
lines  present  in  the  system  are  periodically 
grounded  for  safety  reasons  and  overvoltages 
induced  on  them  cannot  damage  any  other  part 
of  the  system. 

For  summarizing  in  a  few  words  the  previous  points, 
it  is  possible  and  it  may  be  very  dangerous,  and  these 
are  the  reason  why  this  it  has  been  considered  as  the 
first  point. 

In  particular  the  considered  problem  is  the  impact 
close  to  a  line  section  1km  long,  5  m  high,  with  the 
usual  wire  radius  and  considering  an  earth  conductivity 
a  =0.016  Siemens/m. 

The  obtained  results  have  been  reported  in  Fig.  7,  8 
and  9  where  first  the  coupling  phenomena  due  to  the 
straight  channel  has  been  considered  as  in  [3]  as  a 
cylindrical  wave  radiated  by  tire  straight  antenna  (the 
considered  channel). 

The  values  of  the  total  radiated  electric  field 
considering  also  cloud  and  ground  reflections  have  been 
then  considered  and  these  results  have  been  turned  in  a 
suitable  format  for  the  program  NULINE,  [3], 
modelling  the  coupling  problem,,  either  in  the  frequency 
domain  or  in  the  time  domain  for  the  transient  analysis 
of  a  single  wire  trasmission  line  located  over  a  perfectly 
or  lossy  conducting  ground  plane. 

Even  if  the  program  modelling  the  coupling 
phenomena  considers  an  incident  plane  wave  while  the 
radiation  program  yields  cylindrical  waves  we  believe 
that  their  use  gives  better  results  than  others  programs 
which  don’t  consider  the  branching  of  lighting 
discharge  in  order  to  perform  a  realistic  forecast  of 
natural  or  artificial  unwanted  effects. 


Voltage  induced  on  Z1 


Fig.  7:  Overvoltages  induced  by  the  LEMP  on  the 
railway  overhead  line.  8000  m  far.  Straight  untortuous 
channel 
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For  what  concerns  in  detail  the  reported  figures, 
Fig.7  considers  the  voltages  induced  on  a  victim  system 
by  a  stroke  modeled  as  a  straight  antenna  8  km  far  from 
the  line  on  the  normal  to  the  line  direction.  Fig.  8  and 
Fig.  9  on  the  contrary  consider  the  effects  due  to  the 
tortuous  and  branched  channel  described  in  detail  in  the 
previous  sections.  The  only  difference  in  the  two  set  of 
results  is  the  different  distance  of  the  stroke  footpoint, 
always  on  the  normal  to  the  line  direction. 


Voltage  Induced  by  Bectric  field  4000  m  far 
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Fig.  8:  Overvoltages  induced  by  the  LEMP  on  the 
railway  overhead  line. 


Voltages  Induced  by  Bectric  field  8000  m  far 
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numerical  simulations  performed  through  different 
numerical  tools  show  good  agreement  with  the  available 
set  of  measurement  data  and  point  out  the  necessity  of 
developing  a  complete  system  vulnerability  analysis  of 
which  this  is  only  the  first  step. 
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Fig.  9:  Overvoltages  induced  by  the  LEMP  on  the 
railway  overhead  line. 


5.  CONCLUSIONS 

The  effects  induced  by  an  EMP  on  the  overhead  lines  of 
a  railway  system  has  been  considered.  The  results  of  the 
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This  paper  presents  some  applications  of  a  hybrid 
method  for  the  solution  of  EMC  coupling  problems, 
involving  arbitrarily  shaped  wire  structures,  and 
complex  scattering  objects.  The  wire  structures  are 
solved  with  the  Method  of  Moment  and  the  objects 
with  the  FDTD.  The  method  is  briefly  presented, 
together  with  the  numerical  aspects  that  the 
method  involved.  The  applications  pertain  pulse 
penetration  into  shielded  enclosures  and  coupling 
between  helix  and  biological  tissues. 

1.  INTRODUCTION 

The  analysis  of  electromagnetic  problems,  and 
particularly  of  EMC  problems,  is  often  difficult 
because  it  is  sometime  impossible  have  a  closed 
form  solutions  for  Maxwell’s  equations  in  very 
complex  environments,  where  sources  and 
scattering  objects  are  generally  strong  coupled. 
Also  a  high  degree  of  analytical  treatment  in  the 
problem  formulation  is  allowed  only  if  great 
simplifications  are  adopted,  reducing  the  object 
geometry  to  canonical  structures,  with  an  obvious 
loss  of  accuracy. 

Therefore  most  of  cases  has  to  be  approached 
with  numerical  techniques.  The  most  popular 
among  them,  suitable  for  EMC  frequencies,  are 
Method  of  Moment  (MoM)  ,  Finite  Differences  in 
Time  Domain  (FDTD),  Transmission  Line  Matrix 
method  (TLM),  Finite  Element  Method  (FEM). 

However,  also  numerical  techniques  suffer 
some  drawbacks.  Integral  equation  approaches, 
like  MoM,  can  be  efficiently  used  to  characterise  a 
regular  object,  whose  geometry  is  described  by 
simple  equations,  but  it  becomes  very 
cumbersome  to  model  an  irregular, 
inhomogeneous  and  penetrable  objects. 

On  the  other  hand,  differential  equation 
approaches  (FDTD,  TLM)  can  treat  medium 
inhomogeneities  in  a  more  straightforward  manner, 
but  they  are  not  very  suitable  to  describe  thin  or 
wire  structures,  especially  when  the  wire 


orientation  is  not  conformable  to  the  axes  of  the 
structured  grid.  Moreover,  the  requirement  of 
describing  small  details  and  of  discretizing  the 
whole  domain  can  lead  to  an  impracticable  number 
of  cells. 

Therefore  the  basic  idea  is  to  combine  various 
methods,  using  for  each  part  of  the  overall 
complex  structure  the  most  efficient  technique,  in 
order  to  overcame  the  intrinsic  limitations  of  using 
a  single  technique  only. 

This  contribution  presents  typical  EMC 
problems  solved  by  a  hybrid  technique  based  on 
the  combination  of  an  integral  equation  method 
(MoM)  and  a  differential  equation  method  (FDTD). 

The  technique  seems  to  be  particularly  suitable 
to  treat  scattering  problems,  where  a  source  is 
strongly  coupled  to  an  object  placed  in  its  near 
field  region.  The  use  of  the  equivalence  principle 
allows  to  analyse  the  overall  problem  separating 
the  source  region  and  the  object  region:  this 
aspect  makes  the  approach  quite  general  because 
inside  each  sub-region  any  structure  can  be 
characterised  and  solved  by  the  proper  method. 

2.  FORMULATION  OF  THE  PROBLEM 

The  problem  of  the  electromagnetic  coupling 
between  radiating  structures  of  arbitrary  shape  and 
inhomogeneous  objects  can  be  efficiently  treated 
with  hybrid  numerical  techniques. 

The  idea  [1]  is  to  reduce  the  complexity  of  the 
problem  solving  a  number  of  simpler  subproblems 
each  of  them  dealing  with  one  of  the  interacting 
structure.  In  this  way  for  every  structure  we  can 
choose  the  technique  that  best  fits  its  features, 
achieving  a  great  accuracy  in  the  solution  of  the 
problem. 

The  equivalence  principle  is  then  used  to  take 
into  account  the  electromagnetic  coupling  between 
the  objects.  Fig.  1  shows  a  typical  coupling  problem 
between  a  wire  structure  of  complex  shape  and  a 
scattering  object. 
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Fig.1  A  helix  antenna  radiates  a  generic  scattering 
object  placed  in  its  near  field  region:  the 
region  is  divided  by  an  equivalent  surface  S 

The  domain  is  divided  in  two  subdomains  by  an 
equivalent  surface  S.  A  proper  choice  of  the 
equivalent  current  distribution  on  S  allows  to  set  up 
a  subproblem  for  the  analysis  of  the  source  without 
the  presence  of  the  object  (fig.2)  and  another 
subproblem  for  the  analysis  of  the  object  without 
the  presence  of  the  source  (fig.  3) 


S 


Fig.  2  First  equivalent  problem:  the  actual  field  is 
outside  S 

Fig.  2  shows  the  first  equivalent  sub-problem: 
outside  S,  in  the  source  region.  The  actual  total 
fields  e1  (r,t),  h^r.t)  are  the  superposition  of  the 
fields  e(j),  h(j)  radiated  by  the  source  and  the  fields 
e(js),  b(js)  radiated  by  the  induced  currents. 

Inside  S,  any  arbitrary  field  distribution  can  be 
chosen,  in  particular  the  fields  e(j),  h(j)  radiated  by 
j(r,t)  in  free  space  are  considered.  An  equivalent 
current  distribution  is  introduced  to  support  the 
field  discontinuity  on  S  : 

j-i(r.t)  =  n  x  h(js)lonS  (1) 

mi(r,t)  =  e(|8)lonsxn1  (2) 

Fig.  3  shows  the  second  equivalent  sub¬ 
problem,  in  the  scattering  object  region.  The  actual 
total  fields  e2(r,t),  h2(r,t)  are  the  superposition  of 
the  incident  fields  e(j),  h(j)  and  the  scattered  fields 
e(js),  h(Js).  Inside  S,  the  fields  e(js),  h(js)  radiated 
by  js(r,t)  in  free  space  are  chosen,  therefore  the 
equivalent  current  distribution  on  S  is 

j2(r,t)  =  -  n  x  h(j)lons  (3) 

m2(r,t)  =  -  e(j)lons  x  n  (4) 


Fig.  3.  Second  equivalent  problem:  the  actual  field 
is  inside  the  surface  S 

The  Hybrid  method  presented  here,  solve  the 
first  subproblem  by  the  Method  of  Moment  in  time 
domain,  and  the  second  one  by  the  FDTD.  This 
choice  is  made  because  the  radiation  of  arbitrarily 
shaped  wire  antennas  can  be  easily  treated  using 
an  integro-differential  equation  where  only  the 
current  flowing  on  the  wire  is  unknown.  On  the 
other  hand  the  scattering  inhomogeneous  object 
require  the  direct  solution  of  Maxwell  equations  to 
be  simulated  accurately.  Marching  on  in  time 
procedure  for  the  Method  of  Moment  [2]  is  used  in 
order  to  obtain  an  iterative  solution  of  the  problem 
similar  to  the  FDTD  one.  In  this  way  the  two 
techniques  can  be  easily  interfaced. 

3.  NUMERICAL  ASPECTS 

The  FDTD  and  the  Method  of  Moment  are  time 
domain  iterative  techniques  so  they  can  be 
affected  by  problems  of  numerical  instabilities. 

Essentially  the  most  critical  parameter  is  the 
time  discretisation  step.  For  the  FDTD  technique 
the  At  has  a  superior  limit  [3]: 

At<  ,  ■  -  1  (5) 

1  1  1 

]]  Ax2  Ay2  A z2 

where  Ax,  Ay  and  Az  are  the  lattice  spatial  steps. 
More  restrictive  constraints  limit  the  choice  of  the 
time  step  for  the  Method  of  Moment.  An 
investigation  of  this  problem  has  been  made  by  the 
authors  [4],  leading  to  the  conclusion  that  it 
strongly  depends  on  the  geometrical  parameters  of 
the  antenna  (curvature  radius,  wire  radius  and 
spatial  discretisation  step  As).  Some  empirical 
criteria  have  been  determined  for  the  choice  of  the 
optimal  At  for  Moment  Method  technique,  obtaining 
the  following  relation 

At  =  As  /  nc 


(6) 
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In  which  n  is  a  parameter  strictly  related  to  the 
minimum  curvature  radius  of  the  arbitrarily  bent 
wire  representing  the  geometry  of  the  antenna. 
The  Hybrid  Method  suffers  from  these  limitations 
because  the  two  techniques  for  being  interfaced 
need  a  particular  relation  between  the  two  time 
steps  that  have  to  be  equal  or  at  least  one  multiple 
of  the  other.  Depending  on  the  specific  problem  to 
be  analysed,  the  choice  of  the  At,  for  one  of  the 
two  techniques  can  be  very  restrictive,  compelling 
the  other  one  to  work  in  an  oversampling  condition. 
For  example,  if  the  problem  is  the  analysis  of  the 
electromagnetic  coupling  between  a  cellular  phone 
and  a  human  head,  when  the  radiating  structure  is 
a  normal  mode  helical  antenna,  the  Method  of 
Moment  need  a  very  small  At,  compared  to  the 
upper  limit  of  the  FDTD.  In  this  case  the  FDTD 
works  in  a  temporal  oversampling  condition. 

Another  situation  can  be  a  straight  dipole 
radiating  a  high  dielectric  constant  scatterer.  The 
upper  limit  of  the  FDTD  could  be  less  than  the 
optimal  At  for  the  MoM,  so,  because  of  the  strict 
relation  between  the  spatial  and  time  step  of  MoM, 
it  has  to  work  in  temporal  and  spatial  oversampling 
conditions. 

However  these  oversampling  requirements  do 
not  affect  the  accuracy  and  efficiency  of  the  Hybrid 
Method,  that  performs  very  well  in  the  analysis  of 
complex  scattering  electromagnetic  problems. 

4.  RESULTS 

The  results  presented  here  concern  a  transient 
EMC  problem,  and  the  coupling  between  antenna 
and  biological  tissue. 

A  typical  EMC  coupling  problem  can  be  a 
shielded  enclosure  with  an  aperture  placed  near  a 
radiating  source  represented  by  a  loop.  This 
structure  can  be  assumed  as  a  simplified  model  of 
an  electronic  circuit  or  a  discharge  path  of  an  ESD 
and  generally  whatever  involved  a  differential 
mode  current.  This  loop  can  behave  as  an 
antenna,  so  the  signal  can  couple  with  the  circuitry 
inside  the  enclosure. 

The  problem  is  modelled  as  in  fig. 4 


A  rectangular  box  with  a  horizontal  slot  is 
placed  on  a  conductive  plane.  The  electronic 
circuit  is  modelled  with  half  loop  facing  the  box,  7 
cm  apart  from  it.  The  loop  is  fed  with  a  coaxial 
cable,  and  inside  the  box  there  is  a  monopole  that 
senses  the  field  that  penetrates  into  the  enclosure 
through  the  slot.  The  box  and  the  slot  dimensions 
are  27x7x16  cm  and  12.5x0.25  cm  respectively. 
The  receiving  monopole  height  is  6  cm  with  a  wire 
diameter  of  1.8  mm.  The  loop  has  a  diameter  of  4 
cm  and  a  wire  radius  of  0.5  mm. 

The  input  signal  is  a  very  fast  impulse  that  can 
represent  as  first  approximation  an  ESD. 

The  parameters  for  the  simulation  are  chosen 
considering  that  in  this  case  the  MoM  is  the 
technique  with  the  more  restrictive  requirements. 
In  fact  for  the  simulation  of  the  loop  a  spatial 
discretization  step  of  0.75  mm  is  the  right 
compromise  between  an  accurate  description  of 
the  geometry  and  the  stability  condition.  With  this 
step  the  temporal  At  is  univocally  determined  (0.8 
psec).  The  FDTD  unit  cell  has  a  dimension  of  5  x  5 
x  2.5  mm,  so  from  the  Courant  stability  criterion  the 
upper  limit  for  the  At  is  7  psec,  so  for  the 
implementation  of  the  hybrid  method  a  At  of  3.2 
psec  is  chosen  for  the  FDTD. 

The  excitation  used  is  a  raised  cosine  pulse 
(fig-5) 


1  n  2m\ 
,,  —  (1-cos - ) 

Vo(t)  =2  T 

0 


0<t  <T 
elsewhere 


(7) 


with  T  =  465  ps. 

In  the  simulation  the  monopole  is  loaded  with 
50  Q  to  simulate  the  coaxial  cable  effect. 

Fig. 6  shows  the  voltage  induced  on  the 
monopole  inside  the  enclosure. 


Fig.  4  Shielded  box  facing  a  loop. 
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Fig. 6  Calculated  voltage  received  by  the  inner 
antenna 


The  induced  voltage  exhibits  many  oscillations  due 
to  internal  reflections  and  a  time  duration  much 
longer  than  the  exciting  pulse  duration.  The  decay 
factor  depends  on  the  radiation  efficiency  of  the 
slot.  Moreover  it  can  be  observed  that  the  induced 
voltage  reaches  significant  values  even  if  the  box 
is  placed  along  the  direction  of  minimum  radiation 
for  the  loop:  this  effect  is  essentially  due  to  the 
resonant  behaviour  of  the  shielded  enclosure. 

Another  class  of  problem  that  can  be  studied 
with  the  hybrid  method  is  the  coupling  between 
cellular  phone  and  the  human  head.  Different 
canonical  problems  were  studied  in  the  past  for  the 
assessment  of  the  worst  case.  The  quantity  that 
represents  the  electromagnetic  exposure  to  RF 
sources  is  the  Specific  Absorption  Rate  (SAR),  i.e. 
the  time-rate  of  electromagnetic  energy  deposition 

per  unit-mass:  SAR  -  o\  E  |2  /  p  ,  <7  being  the 
equivalent  conductivity  of  the  medium,  p  the 
density,  and  |  E  j  the  rms  electric  field  magnitude. 

Usually  the  canonical  problems  that  were 
studied  regard  the  straight  dipole  or  monopole,  so 
there  are  a  lot  of  results  on  these  structures.  A 
more  update  problem  needs  the  study  of  the  more 
commonly  used  antenna  in  cellular  phone,  that  is 
the  helical  antenna. 

The  canonical  problem  presented  here  is  a 
helical  antenna  that  radiates  a  three-layered 
sphere  (fig.  7),  representing  three  tissue  of  the 
human  head  (skin,  skull  and  brain).  The  inner 
sphere  (6.75  cm)  is  wrapped  by  two  layers  of 
thickness  2.5  mm  each. 


Fig.  7.  Helical  antenna  radiates  a  three-layered 
sphere 


The  antenna  is  a  4+4  turns  helix  in  the  normal 
mode  of  radiation,  with  a  1  Volt  feeding  voltage 
characterised  by  the  following  geometrical 
parameters  helical  diameter  D=5  mm,  pitch  angle 
a=4.55°,  helical  step  S=1.25mm,  wire  radius 
a=0.098  mm.  The  parameter  for  the  MoM  are  As= 
0.58  mm  and  consequently  At=  0.65  psec.  The 
FDTD  unit  cell  is  2.5  x  2.5  x  2.5  mm,  and  the  At 
used  is  1.3  psec. 

Fig. 8  shows  the  peak  SAR  inside  the  sphere  for 
a  1 .71  GHz  excitation  of  the  helix. 


0  Ml  I  2.6  mW/kg 

Fig.  8  Distribution  of  the  peak  SAR  on  the  plane 
centered  on  the  sphere. 

This  result  highlights  the  capability  of  the  hybrid 
technique  to  analyse  very  small  and  curved 
radiating  structures,  which  could  be  not  studied  by 
a  pure  FDTD  algorithm. 

Concerning  the  SAR  distribution,  there  is  a  hot 
spot  concentrated  in  the  region  facing  the  antenna. 
As  expected  the  maximum  SAR  occurs  in  the 
external  layer,  however  a  not  negligible  field 
penetration  is  observed  inside  the  lossy  sphere, 
because  of  the  focusing  effect  of  the  curvature.  In 
particular  the  field  is  characterised  by  oscillations 
due  to  the  spatial  resonances. 

4.  CONCLUSION 

A  hybrid  technique  in  time  domain  is  presented  for 
the  solution  of  EMC  problem.  The  choice  of  the 
time  domain  allows  the  solution  of  transient 
problem  involved  very  fast  signal  such  as  ESD. 
The  use  of  the  equivalence  principle  allows 
separating  the  problem  in  sub-domains  where  the 
more  appropriate  numerical  technique  can  be 
applied.  The  results  presented  shows  various 
cases  that  can  be  studied  with  this  technique. 

A  further  investigation  of  the  method  is  being 
performed  for  allowing  also  the  solution  of 
problems  that  involve  the  coupling  between 
scatterer  and  objects  physically  connected. 
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A  comprehensive  study  about  the  maximum 
overvoltage  induced  in  Low  Voltage  Power 
Installation  (LVPIs)  networks  due  to  indirect 
lightning  flashes  is  presented.  The  aim  of  this 
paper  is  to  discuss  and  analyze  the  maximum 
overvoltage  one  might  expect  for  different 
geometrical  conditions  and  different  loads 
connected  to  the  installation.  The  analysis  includes 
the  effect  of  the  angle  of  incidence  of  the  lightning 
electromagnetic  field  and  the  role  of  the  soil 
conductivity  in  the  evaluation  of  the  lightning 
induced  voltages. 

It  is  shown  that  the  wave  shape  of  the  induced 
voltage  strongly  depends  on  the  values  of  the 
loads  connected  to  the  LVPI.  For  infinite  soil 
conductivities  and  high-value  loads,  a  relation  as 
simple  as  vertical  electric  field  times  the  height  of 
the  electrical  installation  gives  us  the  maximum 
induced  voltage  that  one  might  expect.  However, 
horizontally  large  structures  located  in  low  soil 
conductivity  increases  the  total  induced  voltage. 
For  low-value  loads  connected  to  the  LVPI,  the 
major  contribution  to  the  total  induced  voltage 
comes  from  the  interaction  of  the  horizontal  electric 
field  with  those  conductors  located  horizontally. 

1.  INTRODUCTION 

Several  techniques  have  been  proposed  to 
estimate  the  lightning  induced  voltages  of  LVPI 
located  inside  buildings  [2-5].  Although  these 
techniques  might  be  very  effective  in  the  prediction 
of  induced  voltages,  they  provide  scant  information 
about  the  effect  of  the  geometrical  and  load 
conditions  of  the  electrical  circuit  at  the  moment  of 
the  transient  as  well  as  the  possible  influence  of 
the  angle  of  incidence  in  the  evaluation  of  the  total 
induced  voltage. 

To  be  calculated  by  means  of  a  rigorous  theory 
and  real  LVPIs  (including  loads  varying  in  time)  the 
analysis  needs  important  computation  time,  which, 
for  the  problem  of  interest,  is  still  prohibitive.  The 


complexity  of  analyzing  real  installations  is 
overcome  by  using  simple  circuits  and 
mathematical  tools  based  on  the  superposition 
concept  valid  for  linear  systems.  The  transient 
response  of  LVPIs  to  lightning  electromagnetic 
fields  is  evaluated  by  using  the  Agrawal  et  al. 
coupling  model  [1]  to  simulate  the  interaction 
between  the  lightning  electric  field  components 
(vertical  and  horizontal)  and  the  conductors  of  the 
LVPI. 

The  assumptions  for  the  analytical  simulations  of 
the  interaction  between  lightning  electromagnetic 
fields  and  the  electrical  circuit  are  the  following,  a) 
Neglect  propagation  effects  as  the  induced  pulses 
travel  along  the  conductors,  b)  LVPI  is  electrically 
small,  c)  LVPI  contain  purely  resistive  loads  and  d) 
Each  branch  of  the  LVPI  is  represented  by  a  single 
conductor. 

It  is  assumed  that  the  electromagnetic  fields  that 
impinge  the  conductors  have  the  same  amplitude 
and  wave  shape  at  any  point  within  the  LVPI.  This 
is  valid  as  long  as  the  distance  between  the  LVPI 
and  the  lightning  flash  is  larger  than  the  size  of  the 
LVPI. 

It  is  well  known  that  the  load  values  change  in  time 
and  that  they  are  better  represented  in  terms  of 
impedance  rather  than  in  terms  of  resistance. 
However,  the  absolute  value  of  loads  in  frequency 
domain  such  as  computers,  washing  machines, 
refrigerators,  etc.,  ranges  from  only  a  few  tens  to 
several  thousands  of  £2,  for  the  frequency 
spectrum  of  the  lightning  flash.  For  the  sake  of 
understanding,  the  loads  were  represented  by 
purely  resistive  elements.  These  resistive  elements 
were  represented  either  by  50  D.  (small  loads)  or 
open  circuit  (large  loads).  They  are  referred  to  in 
this  paper  as  S-loads  and  H-loads,  respectively.  In 
order  to  make  the  circuit  even  simpler,  only  one 
conductor  was  considered  for  the  LVPI.  With  this 
assumption,  aspects  such  as  mutual  effects 
between  conductors  (in  case  of  using  two  or  more 
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conductors  very  close  each  other)  and  the  effect  of 
the  insulating  sheath  when  a  cable  array  is  used 
are  avoided.  Also,  the  mutual  effects  generated  in 
the  intersections  between  vertical  and  horizontal 
conductors  were  neglected. 

2.  ANALYTICAL  SET-UP 

Figure  1  shows  the  electrical  circuit  used  as  LVPI 
network.  The  parameter  R#  corresponds  to  the 
resistive  loads,  d  is  the  length  of  the  circuit,  w  is 
the  width,  h  is  the  height.  The  wave  front  of  the 
electromagnetic  field  impinging  the  circuit  is  also 
depicted  in  Figure  1  and  this  single  direction  of 
incidence  was  used  in  all  the  cases  for  a  fixed 
angle. 

The  incident  vertical  electric  field  pulse  used  in  the 
analytical  study  was  extracted  from  experimental 
data,  corresponding  to  a  cloud-to-ground  flash  150 
km  far  from  the  LVPI  network  measured  in  the 
meadow  near  the  main  building  of  the  Institute  of 
High  Voltage  Research.  Thus,  the  vertical  electric 
field  is  purely  radiation  and  the  horizontal  electric 
field  was  calculated  by  using  the  wave  tilt 
formulation  [6-7].  Figure  2  shows  the  vertical  and 
horizontal  electric  fields  used  as  excitation.  For  the 
case  of  horizontal  fields,  soil  conductivities  of  0.01, 
0.001  and  0.0001  S/m  were  assumed.  In  the 
analysis,  two  different  circuits  were  used:  one 
small  referred  to  as  c-small  circuit  ( d=3.0  m,  w=1.0 
m,  h=3.0  m  and  a=1.5  m)  and  one  larger  referred 
to  as  c-large  circuit  ( d=30.0  m,  w=10.0  m,  h-3.0  m 
anda=1.5  m). 

The  Agrawal  et  al.  coupling  model  [1]  was  used  to 
simulate  the  interaction  of  the  electric  field  parallel 
to  ground  with  the  horizontal  conductors  and  the 
electric  field  perpendicular  to  ground  with  the 
vertical  conductors  of  the  network  of  conductors  in 
the  LVPI.  The  mathematical  procedure  is  similar  to 
that  proposed  by  Galvan  et  al.  [8],  in  which  the 
ATP-EMTP  program  is  used  to  keep  track  the 
voltage  and  currents  signals  along  the  conductors. 

3.  RESULTS  AND  DISCUSSIONS 

3.1  High  loads  and  infinite  soil  conductivity 

Figure  3(A)  shows  induced  voltage  in  both  c-small 
and  c-large  circuits  with  only  one  H-load  connected 
at  R1.  Curve  (a)  represents  the  simple  calculation 
Vertical  Electric  Field  times  the  height  of  the 
installation  (Peak  Voltage  =  3.69  V/m  x  3.0  m  - 
11.08  V).  Curve  (b)  depicts  the  result  for  the  c- 
large  circuit  ( 10.94  Vpeak  ).  Curve  (c)  illustrates  the 
result  for  the  c-small  circuit  ( 10.35  Vpeak).  Figure 
3(B)  shows  how  the  induced  voltage  in  the  c-large 
circuit  vary  when  the  number  of  vertical  conductors 
is  changed  from  1  to  1 1  (the  cases  1 ,  2,  4,  6,  8  and 


11  correspond  to  H-loads).  In  the  calculation,  the 
soil  conductivity  was  assumed  to  be  infinite.  It  can 
be  observed  that  in  both  cases  the  induced  voltage 
follows  the  signature  of  the  vertical  electric  field 
and  that  the  effect  of  increasing  the  number  of 
vertical  conductors  is  to  decrease  the  amplitude  of 
the  induced  voltage. 

3.2  Small  loads  and  infinite  soil  conductivity 

Figures  4(A)  and  4(B)  show  the  induced  voltage  in 
the  c-large  circuit  with  one  outlet  and  when  the 
number  of  vertical  conductors  is  increased.  All  the 
loads  in  the  circuit  were  S-loads  and  the  induced 
voltage  was  evaluated  at  R1.  Observe  that  the 
induced  voltage  has  a  signature  similar  to  that  of 
the  time  derivative  of  the  vertical  electric  field, 
especially  for  the  case  of  only  one  outlet.  For 
comparison  purposes,  the  time  derivative  of  the 
vertical  electric  field  with  the  amplitude  normalized 
to  the  amplitude  of  the  induced  voltage  is  also 
given  in  the  figure. 

3.3  Low  soil  conductivity 

Figure  5(A)  shows  the  induced  voltage  in  the  c- 
large  circuit  when  11  vertical  conductors  with  H- 
loads  were  used.  The  induced  voltage  was 
evaluated  using  different  soil  conductivity  values, 
as  shown  in  the  curves.  Figure  5(B)  shows  the 
same  case  but  for  S-loads  connected  to  the  11 
vertical  conductors.  In  both  figures,  curve  (a) 
corresponds  to  the  case  when  the  soil  conductivity 
was  very  high  (reference  voltage)  and  the  induced 
voltage  was  measured  at  R1  having  H-loads. 

It  is  observed  that  the  soil  conductivity  plays  an 
important  role  in  large  circuits,  especially  when 
loads  with  low  values  are  connected  to  the 
network.  In  the  case  shown  in  figure  5(A),  observe 
that  the  wave  shape  of  the  induced  voltage 
changes  as  the  soil  conductivity  decreases. 
Moreover,  the  maximum  induced  voltage  increases 
as  the  soil  conductivity  decreases.  For  the  case 
shown  in  figure  5(B),  the  contribution  of  the  vertical 
field  to  the  induced  voltage  is  negligible  in 
comparison  to  the  contribution  of  the  horizontal 
field  which  increases  with  increasing  horizontal 
extent  of  the  conductors  and  decreasing  ground 
conductivities. 

3.4  Effect  of  the  loads  and  angle  of  incidence 

In  reality,  the  magnitude  of  the  loads  connected  to 
a  LVPI  varies  in  time  and  it  is  difficult  to  determine 
a  representative  value  for  calculations.  Because  of 
that  many  calculations  were  performed  by 
changing  the  values  of  the  load  to  estimate  the 
response  of  the  system.  Due  to  lack  of  space  it  is 
difficult  to  show  all  the  results.  Consequently,  only 
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Figure  1.  Electrical  circuit  used  in  the  analytical  simulations.  The  parameter  d  corresponds  to  the  largest  part 
of  the  circuit,  wis  the  width,  h  is  the  height.  The  induced  voltage  was  calculated  across  the  loads  R1  and  R2. 
The  load  values  were  50£1  (S-loads)  and  open-circuited  condition  (H-ioads). 


(A)  (B) 


Figure  2.  (A)  Vertical  electric  field  measured  in  the  meadow  near  the  Institute’s  building.  (B)  Horizontal 
electric  field  calculated  using  the  wave  tilt  concept  valid  for  radiation  fields. 


TIME  (ns) 

(A) 


(B) 


Figure  3.  (A)  Induced  voltage  for  both  c-small  and  c-large  circuits.  (B)  Induced  voltage  for  the  c-large  circuit, 
when  the  number  of  vertical  conductors  is  increased  (1,  2,  4,  6,  8  and  11)  with  H-loads.  The  induced  voltage 
was  evaluated  at  R1 .  The  soil  conductivity  was  assumed  to  be  infinite. 
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(A)  (B) 

Figure  4.  (A)  Induced  voltage  calculated  by  using  the  c-large  circuit  with  only  one  outlet  and  (B)  Induced 
voltage  calculated  by  using  the  c-large  circuit  with  1,  2,  4,  6,  8  and  11  outlets  (vertical  conductors).  The 
induced  voltage  was  evaluated  at  R1.  Only  S-loads  were  connected  to  the  outlets.  In  (A)  the  vertical  electric 
field  derivative  is  normalized  to  the  amplitude  of  the  induced  voltage.  The  soil  conductivity  was  assumed 
infinite. 


(A)  (B) 

Figure  5.  (A)  Induced  voltage  for  the  c-large  circuit  with  eleven  H-loads.  The  induced  voltage  was  evaluated 
at  R1  with  H-loads.  A(a)  Induced  voltage  for  infinite  soil  conductivity  (used  as  reference).  A(b)  Induced 
voltage  for  a=0.01  S/m.  A(c)  Induced  voltage  for  a=0.001  S/m.  A(d)  Induced  voltage  for  a=0.0001  S/m.  (B) 
Induced  voltage  for  the  large  circuit  with  eleven  loads.  Curves  (a)  to  (d)  were  evaluated  for  the  same  soil 
conductivity  values  as  for  the  case  (A).  In  this  case,  the  induced  voltage  was  evaluated  at  R1  with  H-load 
and  S-loads  connected  to  the  rest  of  the  vertical  conductors. 


(A)  (B) 

Figure  6.  (A)  Induced  voltage  evaluated  at  R1  for  the  c-large  circuit  with  two  outlets  (R1  and  R2=1MQ).  A(a) 
R1=50a.  A(b)  IkQ.  A(c)  5kQ.  A(d)  10kQ.  A(e)  lOOkQ  and  A(f)  1MQ.  The  induced  voltage  is  normalized  to 
curve  (f).  (B)  Induced  voltage  evaluated  at  R1  and  R2  for  the  large  circuit  with  eleven  outlets.  All  the  loads 
were  S-loads  except  at  the  measuring  point  (H-load). 
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two  cases  will  be  shown  here.  One  case  shows  the 
effects  of  changing  the  magnitude  of  the  load  and 
the  other  the  effects  of  changing  the  angle  of 
incidence. 

Figure  6(A)  shows  the  induced  voltage  for  the  c- 
large  circuit  when  only  two  vertical  conductors 
were  used  (R1  and  R2).  The  load  value  at  R2  was 
fixed  at  1  MO  and  the  load  value  at  R1  was  varied 
from  500  to  1MO,  as  indicated  in  the  figure.  It  can 
be  observed  that  when  R2  is  large  the  wave  shape 
of  the  induced  voltage  changes  from  that  of  the 
derivative  of  the  vertical  electric  field  to  that  of  the 
vertical  electric  field  as  R1  increases.  For  the  sake 
of  comparison,  all  the  pulses  were  normalised  to 
the  peak  value  of  the  pulse  (f),  which  corresponds 
to  the  induced  voltage  across  R1  for  1MO.  Figure 
6(B)  shows  the  case  for  the  c-large  circuit  with  11 
vertical  conductors  and  infinite  soil  conductivity.  All 
the  load  values  were  S-loads,  except  at  the 
measuring  point.  The  curves  illustrate  the  case 
when  the  induced  voltage  was  evaluated  at  R1  and 
R2  with  R1  =  R2.  Note  that  due  to  the  symmetry  of 
the  LVPI,  the  voltage  measured  at  R1  is  identical 
to  that  observed  at  R2  when  the  angle  incidence  is 
changed  by  180°  keeping  all  other  parameters  the 
same.  Note  that  the  initial  polarity  of  the  induced 
voltage  at  R2  was  opposite  to  that  of  the  R1 .  Note 
however,  that  since  the  ground  is  perfectly 
conducting  there  is  no  contribution  from  the 
horizontal  field  to  the  induced  voltage.  This,  we 
believe  is  an  important  result.  This  is  the  case 
since  the  change  in  polarity  of  the  induced  voltage 
at  the  termination  of  power  lines  when  the  angle  of 
incidence  is  changed  from  0°  to  180°  is  caused  by 
the  interaction  of  the  horizontal  field  with  the 
conductors.  The  results  presented  here  show  that, 
depending  on  the  loads  and  the  angle  of  incidence, 
the  polarity  of  the  induced  voltage  may  change 
from  one  point  to  another  in  the  LVPI  even  in  the 
case  in  which  the  vertical  field  is  the  only  source 
that  contributes  to  the  induction. 

4.  CONCLUSIONS 

By  using  computational  simulations,  it  was  shown 
that  the  amplitude  and  wave  shape  of  lightning 
induced  voltages  in  LVPI  networks  strongly 
depends  on  the  values  of  the  loads  connected  to 
the  LVPI.  A  relationship  as  simple  as  vertical 
electric  field  times  the  height  of  the  electrical 
installation  gives  us  the  maximum  induced  voltage 
when  very  high  load  values  are  connected  and  for 
infinite  soil  conductivity.  However,  the  geometrical 
conditions  of  the  installation  and  the  soil 
conductivity  impose  severe  restrictions  in  the  use 
of  that  simple  relationship.  On  the  one  hand, 
horizontally  large  structures  located  in  soils  with 
low  conductivity  values  increases  the  total  induced 
voltage  due  to  the  large  contribution  to  the  total 


induced  voltage  of  the  horizontal  component  of  the 
electric  field.  On  the  other  hand,  the  increase  in  the 
number  of  vertical  conductors  installed  in  the 
network  reduces  the  maximum  induced  voltage 
impressed  on  the  point  of  interest  for  the  case  of 
high  loads.  For  very  low  values  of  the  loads 
connected  to  the  LVPI,  the  major  contribution  to 
the  total  induced  voltage  comes  from  the 
interaction  of  the  horizontal  electric  field  with  those 
conductors  located  horizontally.  Finally,  it  was 
shown  that  the  change  of  polarity  of  the  induced 
voltage  is  not  only  produced  by  the  interaction  of 
the  horizontal  electric  field  with  horizontal 
conductors,  but  also  by  the  interaction  of  the 
vertical  electric  field  with  vertical  conductors  when 
the  loads  and  the  angle  of  incidence  are  changed. 
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Lightning  emits  radio  frequency  energy  across  a 
wide  spectrum.  Most  of  the  high  frequencies  emitted  by 
the  return  stroke  come  from  the  lowest  sections  of  the 
channel,  where  upward  and  downward  channels  join.  In 
this  paper  we  examine  a  theoretical  model  of  the  lowest 
part  of  the  channel  and  compare  the  results  to  some 
recent  optical  measurements  of  the  first  400m  of  the 
channel.  The  models  are  based  on  linear  and  nonlinear 
transmission  line  models  where  the  elements  of  the 
transmission  line  evolve  in  response  to  the  current 
flowing  through  the  channel.  Currents  in  the  channel 
heat  the  channel  and  cause  it  to  grow  hotter  and  larger, 
decreasing  its  resistance  per  unit  length.  A  resistive 
transmission  line  disperses  the  channel  waveform  as  it 
travels  causing  the  leading  edge  to  flatten.  A  nonlinear 
resistance  per  unit  length  causes  a  flattening  that  is 
observably  different  from  the  flattening  in  the  linear 
version.  This  same  flattening  is,  at  least,  qualitatively 
similar  to  that  observed  in  recent  optical  measurements. 
Evolution  of  the  channel  radius  is  predicted  in  this  paper 
using  a  very  simple  model  developed  from  fluid 
dynamics.  The  future  role  of  more  complex  models  is 
examined. 

1 .  INTRODUCTION 

Lightning  models  can  be  used  in  two  ways.  The  first  is 
the  first  principles  model,  in  which  quantitative  estimates 
for  physical  parameters  are  derived  from  assumptions 
and  physical  principles.  The  second  method  assumes  a 
certain  form  for  the  behavior  of  a  variable  and  derives 
parameters  from  fits  to  data.  In  the  first  method,  usually 
pairs  of  variables  are  considered,  such  as  current  and 
brightness,  or,  more  often,  currents  and  fields. 
Transmission  line  models  have  been  used  for  the  current 
and  an  inverted,  simplified  Green’s  function  used  to 
derive  the  fields.  In  this  paper,  we  will  use  such  a  model 
to  consider  the  behavior  of  the  channel  near  the  junction. 
The  lightning  process  transmits  most  of  its  high 
frequency  content  from  this  region  so  it  is  important  to 
understand  this  region. 

A  lightning  channel  begins  when  leaders  join,  often  near 
the  ground,  and  the  return  stroke  currents  start  to  flow. 
As  currents  flow  through  the  channels  the  air  is  heated  so 


that  the  air  glows  and  expands.  The  hot  air  acts  as  a 
resistor  for  additional  current  flow.  While  the  current 
and  brightness  are  not  linear,  they  are  monotonic  so  that 
regions  of  high  brightness  indicate  regions  of  large 
current.  Further,  the  resistance  of  the  channel  is 
dependent  on  the  current  that  has  flowed  through  it.  That 
resistance  then  governs  the  current  flowing  through  the 
channel  and  the  whole  process  in  nonlinear.  Gardner  [1] 
described  such  a  system  using  a  nonlinear,  nonuniform 
transmission  line  model.  That  model  used  assumed 
inductance  and  capacitance  to  provide  initial  velocities 
similar  to  observed  values  and  calculated  the  resistance 
of  the  channel  from  the  plasma  parameters.  We  expect 
the  current  waveform  of  such  a  model  to  show  a 
softening  as  the  waveform  propagates  along  the  resistive 
channel. 

A  full  transmission  line  model  can  be  used  to  treat  the 
current  flow  in  the  channel.  The  losses  in  the  channel 
will  cause  the  peak  current  to  decay  and  the  channel  to 
broaden  as  the  waveform  propagates  up  the  channel. 
The  actual  conditions  of  the  channel  are  not  known, 
since  the  initial  conditions  of  the  arc  are  not  known. 
This  problem  has  caused  these  models  not  to  be  well 
accepted  since  the  lack  of  information  leads  to  final 
predictions  that  are  not  consistent  with  all  observations. 
In  this  case,  there  are  new  observations  that  allow  us  to 
derive  the  losses  in  the  channel  from  observed  decay  in 
the  waveform. 

Have  recently  published  optical  data  on  the  behavior  of 
the  first  400  m  of  a  lightning  channel.  The  observed 
waveforms  show,  qualitatively,  the  described  behavior. 

In  this  paper,  wc  will  compare  and  contrast  the  model 
and  the  published  observations  and  use  that  data  to 
derive  a  simple  estimate  of  the  conditions  inside  the 
channel. 

2.  BASE  OF  THE  CHANNEL 

A  lightning  return  stroke  begins  when  the  upward  going 
leader  joins  a  downward  moving  leader  about  10  m 
above  the  ground.  A  description  of  the  process  is  in 
Gardner,  et  al.  [2].  A  current  forms  at  the  joining  point 
and  the  two  waves  travel  away  from  each  other.  The 
downward  going  wave  travels  only  a  short  distance 
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before  being  reflected  from  the  ground  and  then  joins  the 
upward  going  current.  There  is  a  schematic  of  the 
process  in  fig.  1 .  Since  the  channel  has  resistive  losses, 
which  manifest  in  the  emission  of  electromagnetic 
waves,  sound  and  light,  the  current  wave  distorts  and 
flattens  as  it  travels.  The  origin,  then,  of  most  high 
frequency  waves  is  near  the  base  of  the  channel. 


Figure  1:  Schematic  of 
the  Base  of  a  Lightning 


In  the  remainder  of  the  paper  we  will  explore  both 
experimental  and  theoretical  evidence  of  this  picture  of 
the  behavior  of  the  base  of  the  channel. 

Transmission  line  models  are  often  used  in  describing 
the  behavior  of  a  lightning  return  stroke  current  [3]. 
However,  the  models  are  only  occasionally  complete,  in 
the  sense  that  resistance  and  conductance  losses  are 
included.  Even  less  often  are  nonlinear  terms  included. 
Equations  1-3  describe  a  low  loss  line. 


capacitance,  conductance  and  resistance  per  unit  length 
of  the  channel. 

The  observable  for  the  current  traveling  up  the  channel  is 
the  optical  brightness  of  the  channel.  While  the  optical 
emission  does  qualitatively  represent  the  current  pulse  as 
it  travels  up  the  channel,  there  are  some  important 
differences  [4].  First,  the  brightness  is  not  linearly 
proportional  to  the  brightness.  Second,  the  optical 
emission  will  lag  the  passage  of  the  current  since  the 
channel  requires  time  to  heat  the  1-2  eV  threshold 
required  for  optical  radiation.  If  we  still  approximate  the 
current  as  being  monotonic  with  the  brightness,  we  can 
learn  something  of  the  behavior  of  the  channel  near  the 
ground. 

Derivation  of  a  unique  velocity  of  a  wave  traveling  along 
a  channel  is  somewhat  difficult  since  the  shape  of  the 
current  waveform  changes  with  height  along  the  channel. 
Using  the  peak  will  give  an  under  estimate  of  the 
velocity  since  the  peak  retreats  away  from  the  leading 
edge  with  propagation.  Examination  of  equations  1-3 
shows  that  the  leading  edge  (high  frequency  limit)  travels 
without  reduction  from  the  lossless  transmission  line 
velocity.  As  we  move  along  the  wave  (admit  lower 
frequencies)  the  peak  recedes  providing  a  lower  and 
lower  estimate  of  the  velocity  of  the  leading  edge  of  the 
current.  The  proper  way  is  to  measure  the  velocity  of  the 
leading  edge,  but  that  measurement  is  often  limited  by 
signal  to  noise  considerations. 

It  is  sometimes  difficult  to  effectively  associate  the 
capacitance  of  the  channel  with  a  transmission  line 
model  since  the  capacitance  requires  a  second  conductor. 
Part  of  the  association  is  empirical,  but  part  is 
represented  in  the  storage  of  charge  in  the  corona  around 
the  return  stroke  [5]. 

3.  EXPERIMENTAL  DATA 
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Equation  (1)  describes  the  movement  of  the  channel  in 
the  frequency  domain  with  e’“‘  time  variation,  a 
represents  the  decrease  in  magnitude  as  the  wave  travels 
up  the  channel  and  (3  describes  the  dispersion  of  the 
wave  as  it  travels.  L,  C,  G  and  R  are  the  inductance, 


Uman  [6]  contains  a  general  development  of  the  theory 
and  supporting  experiments  associated  with  the 
development  of  a  lightning  return  stroke.  Data 
supporting  the  transmission  line  like  description  includes 
both  optical  and  electromagnetic  measurements.  The 
concept  of  the  upward  and  downward  leaders  joining  to 
initiate  the  return  stroke  is  discussed  in  Uman  [7]  and 
Berger  [8],  Recently,  Wang,  et  al  have  presented  some 
specific  optical  measurements  that  detail  the  optical 
emission  of  the  lowest  400m  of  a  return  stroke. 

Wang,  et  al  [9]  show  a  sequence  of  waveforms  of  the 
optical  output  of  the  channel.  Their  optical  system 
provides  approximately  30m  spatial  resolution  and 
100ns  time  resolution.  In  addition,  some  of  the 
measurements  were  limited  by  saturation  of  the 
optical  sensors. 


180 


There  were  two  data  sets  for  return  strokes 
presented  that  were  taken  on  2  Aug  1997.  The  first 
and  most  interesting  set  for  our  purposes  was  the 
set  taken  at  21:17  UTC.  The  second  set  was  taken 
10  minutes  later  at  21:27  UTC.  Both  were 
measurements  of  rocket-triggered  lightning.  The 
triggering,  of  course,  confuses  our  model  of  the 
way  the  channels  joint  near  the  ground,  but  the 
details  of  that  argument  are  not  critical  to  this 
paper. 

The  first  brightness  plot  that  was  taken  at  13m 
height  in  the  first  data  set  is  not  saturated,  but 
shows  a  complete  profile.  The  second  one  that  is 
taken  at  38m  is  saturated.  If  the  joining  model  is 
correct  there  would  be  a  doubling  of  the  current  in 
the  channel  as  the  ground  reflection  joins  the  direct 
wave,  we  would  expect  an  increase  in  the 
brightness  just  above  the  joining  point. 

We  estimated  the  current  waveforms  for  those 
measurements  that  were  saturated  and  concluded 
that  the  channel  brightness  decreased  by  a  factor  of 
about  three  with  the  propagation  over  the  400m 
observed  length.  The  risetime  also  increased  by 
about  a  factor  of  three  over  the  observed  length 
from  a  little  less  than  a  microsecond  to  a  little  less 
than  three  microseconds.  These  changes  are 
estimates  and  could  be  improved  if  the  complete 
data  were  available. 

We  also  examined  the  leading  edges  of  the 
waveforms  in  the  published  plots  and  estimated 
that  velocity  as  1.3  X  108  m/s.  Using  the  peaks  of 
the  plots  would  have  yielded  a  lower  value. 

4.  TRANSMISSION  LINE  MODEL 

The  methods  of  Tesche,  Ianoz,  and  Karlsson  [10] 
were  used  to  construct  a  numerical  transmission 
line  model  in  the  time  domain.  In  the  first  model, 
only  linear  parameters  were  used,  but  otherwise  all 
elements  of  the  transmission  line  were  present. 
The  velocity  of  the  leading  edge  of  plots  was  used 
for  one  relationship  for  L  and  C.  An  estimate  of 
the  channel  impedance  of  200  Q  was  used  for  the 
other  relationship.  A  resistance  of  1.6  H/m  was 
found  to  fit  the  data  best. 

Figures  2  shows  the  results  of  the  calculation  at  the 
base,  middle  and  top  of  the  channel.  The  magnitude 
of  the  pulse  has  decreased  by  a  factor  of  three  as  it 
was  forced  to  do  by  the  choice  of  the  resistance  per 
unit  length.  The  dispersion  is  not  as  large  as  it 


should  be  to  match  the  data.  The  solid  lines  show 
the  velocity  of  the  leading  edge,  that  is  held 

constant  at  1 .3  X  108  m/s. 

The  model’s  complexity  was  then  increased  to 
include  a  nonlinear  resistance  per  unit  length.  This 
model  based  on  what  that  was  originally  presented 
by  Strawe  [11]  and  is  based  on  a  channel  model 
originally  presented  by  Braginskii  [12].  Data  was 
not  available  at  that  time  to  support  Strawe’s 
parameter  choices.  The  more  complex  model  of 
Gardner  [1]  was  not  yet  available  for  this 

presentation,  but  should  be  available  for  later 

additional  calculations.  It  should  be  noted  that  the 
expansion  of  the  channel  in  time  and  its  energy 
balance  is  not  a  solved  problem.  The  complex 
nature  of  the  various  reactions  in  air  that  result  in 
the  conducting  channel  require  that  we 
approximate  the  air’s  behavior.  The  model 
presented  here  is  a  compromise  between  a  very 
detailed  calculation  of  the  air  chemistry  and 

properly  treating  the  macroscopic  behavior  of  the 
lightning  channel. 

Equation  4  shows  the  development  of  the 
conducting  channel  radius  as  a  function  of  the 
integrated  history  of  the  current,  i  and  conductivity 
a.  The  initial  radius  is  chosen  as  1  cm  and  the 
radius  then  evolves  in  time.  The  resistance  per  unit 
length  can  be  found  from  the  radius  by  multiplying 
the  assumed  constant  conductivity  of  1.4  X  104  S/m 
by  the  channel  radius. 

Detailed  calculation  of  the  air  chemistry  and  properly 
treating  the  macroscopic  behavior  of  the  lightning 
channel. 

Equation  4  shows  the  development  of  the  conducting 
channel  radius  as  a  function  of  a.  The  initial  radius  then 
evolves  in  time.  The  resistance  per  unit  length  can  be 
found  from  the  radius  by  multiplying  the  assumed 
constant  conductivity,  2.22  X  104  S/m,  by  the  channel 
area. 


1 


Fig.  3  shows  the  evolution  of  this  model  for  the  channel 
base,  middle  and  top.  The  dispersion  for  this  model  is 
closer  to  that  observed  but  not  up  to  model  fidelity  that  is 
likely  to  be  possible.  Increases  in  the  model  complexity 
and  fidelity  will,  hopefully,  improve  agreement. 
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Figure  3:  Progression  for  Linear  Transmission  Line  Model 


Figure  2:  Progression  for  Nonlinear  Transmission  Line  Model 
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5.  CONCLUSIONS 

Understanding  the  lowest  part  of  the  lightning  return 
stroke  is  very  important  if  one  is  to  understand  the  high 
frequency  radio  frequency  emission  of  the  lightning 
channel.  In  this  paper,  linear  and  nonlinear  transmission 
line  models  were  applied  to  the  evolution  of  the  channel 
brightness  in  the  lowest  400m  of  the  channel.  The 
models  were  effective  at  predicting  certain  changes  in  the 
optical  waveform  given  that  the  brightness  is  monotonic 
with  the  current.  The  type  of  model  development  has  not 
been  often  applied  to  lightning  channels  because  of  the 
difficulty  in  knowing  the  initial  conditions  required  for 
effective  use  of  such  models.  The  author  hopes  that 
future  lightning  data  will  help  improve  this  situation. 
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Abstract  -  Considerable  progress  has  been  achieved 
in  the  last  10-15  years  on  the  modeling  of  the  lightning 
phenomenon  and  on  the  electromagnetic  field-to- 
transmission  line  coupling.  The  aim  of  this  tutorial  is  to 
emphasize  the  last  developments  which  took  place  in  the 
last  2-3  years  in  particular  concerning  protection 
efficiency  evaluation  using  these  models  and  to  remind 
some  problems  which  are  still  under  discussion. 

I.  Introduction 

Considerable  progress  has  been  achieved  in  the  last 
10-15  years  on  the  modeling  of  the  lightning  phenomena 
and  on  the  electromagnetic  field-to-  transmission  line 
coupling  methods  (see  e.g.  [1-4]) 

The  study  of  disturbances  produced  by  external 
electromagnetic  pulses  on  transmission  and  distribution 
lines,  with  particular  reference  to  lightning-induced 
voltages,  has  been  carefully  reconsidered  in  the  last  years 
by  several  researchers.  This  was  motivated  by  the 
widespread  use  of  sensitive  electronic  devices  in  the 
power  system  equipment  (circuit  breakers,  disconnectors, 
control  and  protection  circuits)  and,  in  parallel,  by  the 
increasing  demand  by  customers  for  good  quality  in  the 
power  supply.  Indeed,  lightning-induced  voltages  are 
responsible  of  the  majority  of  faults  on  distribution 
overhead  lines,  causing  microinterruptions  and,  more  in 
general,  disturbances  to  sensitive  electronic  devices. 

The  so-called  “engineering  models”  [2,3,5]  describing 
the  spatial-temporal  distribution  of  lightning  return  stroke 
current  permit  a  simple  and  straightforward  approach 
useful  for  practical  calculations.  The  use  of  these  models 
together  with  the  progress  achieved  in  modeling  the 
coupling  of  the  electromagnetic  field  to  multiconductor 
lines  of  various  geometries  as  well  as  to  shielded  cables 
permits  today  to  design  or  to  check  with  a  reasonable 
precision  the  degree  of  protection  offered  by  suppressors 
and  by  buildings  to  sensitive  equipment. 

The  aim  of  this  tutorial  to  emphasize  on  the  validation 
of  these  models,  on  the  last  developments  which  took 


place  in  the  last  2-3  years  and  to  remind  some  of  the 
problems  which  are  still  under  discussion. 

II.  MODELS 

2.1  Return  Stroke  Current  Models 

A  return-stroke  model  to  be  employed  in  the 
calculation  of  lightning-induced  voltages  is  a 
specification  of  the  distribution  of  the  return  stroke 
current  as  a  function  of  height  and  time  along  the 
lightning  channel.  This  distribution  is  generally  specified 
in  terms  of  the  current  at  the  channel-base,  which  is  a 
directly-measurable  quantity  and  for  which  collected 
statistics  are  available.  A  certain  number  of  return  stroke 
models  have  been  proposed  in  the  literature  (e.g.  [2,3,6]) 
among  which  it  has  been  shown  that  the  TL  and  its  more 
physically  plausible  modifications  [7,8]  are  a  good 
compromise  between  simplicity  and  accuracy  in  terms  of 
predicted  electric  and  magnetic  fields. 

2.2  Lightning  electromagnetic  field  calculation 

For  distances  not  exceeding  a  few  kilometers,  the 
perfect  ground  conductivity  assumption  is  shown  to  be  a 
reasonable  approximation  for  the  vertical  component  of 
the  electric  field  and  for  the  horizontal  component  of  the 
magnetic  field  [9,10].  The  horizontal  component  of  the 
electric  field,  on  the  other  hand,  is  appreciably  affected 
by  the  finite  ground  conductivity.  Simplified  expressions 
have  been  proposed  [10-12]  which  are  able  to  predict 
with  a  reasonable  approximation  electric  field  at  various 
distance  [10,11,13], 

2.3  Field-to-transmission  line  Coupling  Models 

Three  coupling  models  are  commonly  adopted  in  the 
power  literature  to  describe  the  coupling  between 
lightning  return-stroke  fields  and  overhead  lines:  the 
model  by  Rusck  [14],  the  model  by  Chowdhuri  and  Gross 
[15],  and  the  model  by  Agrawal  et  al.  [16].  Only  the 
Agrawal  model  and  its  equivalent  formulations  ( Taylor  et 
al.  [17],  Rachidi  [18])  can  be  considered  as  rigorous 
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within  the  limits  of  the  adopted  hypothesis  (transmission 
line  approximations)  [19,20]. 

III.  Experimental  validation  of  the  coupling 

MODELS 

The  coupling  models  have  been  tested  by  means  of 
natural  lightning  [21-23]  and  triggered  lightning  [24,25]. 
The  use  of  lightning  is  complicated  by  the  intrinsic  diffi¬ 
culty  in  performing  a  controlled  experimenting,  although 
triggered  lightning  is  clearly  more  promising  in  this 
respect.  The  agreement  regarding  the  wave  shape  can  be 
considered  satisfactory,  but  regarding  the  intensity,  there 
are  still  unexplained  discrepancies.  Possible  causes  for 
the  disagreement  can  be:  calibration  errors,  an  incorrect 
determination  of  the  angle  of  incidence  of  the  electro¬ 
magnetic  wave,  uncertainties  about  the  ground 
conductivity,  the  presence  of  trees  and  other  objects  in 
the  vicinity  of  the  line,  etc.. 

More  controlled  conditions  can  be  obtained  using 
NEMP  simulators  [26-28]  or  reduced-scale  models 
[29,30]. 

Indeed,  for  a  relatively  complex  structure  like  the 
model  of  a  three-phase  power  line  with  a  grounding 
conductor  (Fig.  1),  a  satisfactory  agreement  between 
calculations  and  measurements  is  obtained  for  instance 
for  the  current  in  the  grounding  wire  (Fig.  2)  [26], 
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Fig.  1  -  Relative  position  of  the  three-phase  test  line  under  the 
EMP  simulator. 


Fig.  2  -  Example  of  comparison  between  calculation  and 
measurement  of  current  induced  at  one  extremity  of  the 
grounding  wire  (adapted  from  [26]). 


Another  example  of  experimental  test  using  a 
reduced-scale  model  developed  at  the  University  of  Sao 
Paolo  (Brazil)  is  shown  in  Fig.  3. 


Time  In  us 

Fig.  3  -  Comparison  between  measurements  on  a  reduced- 
scale  model  at  the  University  of  Sao  Paulo,  and  simulation 
results.  (For  details,  see  [30]) 

IV.  Coupling  to  shielded  cables 

Coupling  to  shielded  cables  must  take  into  account  a 
double  coupling  mechanism,  an  external  one  between  the 
incident  electromagnetic  field  and  the  cable  sheath  and  an 
internal  one  between  the  current  induced  in  the  shield  and 
the  internal  conductor.  It  is  generally  assumed  that  the 
external  circuit  is  independent  of  the  behavior  of  the 
internal  circuit.  The  source  terms  in  the  internal  circuit 
are  related  to  the  external  line  response  through  the 
transfer  impedance  and  transfer  admittance  of  the  cable. 

An  experimental  test  of  a  coupling  model  to  shielded 
cables  [31]  was  performed  using  the  EMP  simulator 
SEMIRAMIS  of  the  Swiss  Federal  Institute  of 
Technology  in  Lausanne. 

The  considered  shielded  cable  was  a  3  m  long  RG58U 
connected  to  metallic  boxes  at  its  both  ends.  The  whole 
arrangement  was  placed  in  the  center  of  the  working 
volume  of  the  simulator. 

The  shield  continuity  between  the  cable  and  the  boxes 
was  achieved  using  good-quality  connectors.  The  current 
induced  in  the  inner  conductor  was  measured  inside  the 
metallic  box  in  order  to  avoid  any  interference  from  the 
excitation  field. 

Figure  4  shows  a  comparison  between  calculation  and 
measurement  for  the  current  on  the  cable  sheath.  This 
comparison  represents  one  more  validation  example  for 
the  field-to-transmission  line  coupling  method  discussed 
under  Sect.  III. 
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Fig.  4  -  Comparison  between  experiment  and  calculation 
performed  using  the  Agrawal  model,  for  the  current  on  the  cable 
sheath.  Solid  line:  measurement,  dashed  line:  calculation  (from 
[32]). 
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Figure  5  shows  a  comparison  between  calculation  and 
measurement  for  the  current  on  the  inner  conductor  of  the 
cable. 


t  (microsec) 

Fig.  5  -  Comparison  between  experiment  and  calculation 
performed  using  the  frequency-domain  approach  of  the  internal 
current  for  example  2.  Solid  line:  measurement,  dashed  line: 
calculation  (from  [32], 

V.  Analysis  of  finite  ground  conductivity  on 

LIGHTNING-INDUCED  VOLTAGES 

Some  recent  papers  on  lightning-induced  voltages  on 
overhead  lines  have  considered  the  case  of  a  finitely  con¬ 
ducting  ground  [23,29,33-36].  This  represents  a  major 
improvement  compared  to  the  previous  works  on  the  sub¬ 
ject,  which  were  assuming  the  ground  as  a  perfect 
conductor.  Indeed,  as  shown  by  the  above  papers,  the 
ground  resistivity  can  affect  markedly  the  induced 
voltages,  even  for  stroke  locations  close  to  the  line.  The 
effect  of  ground  conductivity  on  lightning-induced 
voltages  is  rather  complex.  It  affects  both  the  lightning 
electromagnetic  fields  and  the  surge  propagation  along 
the  line.  Our  studies  have  shown  that  depending  on  the 
position  of  the  stroke  location  and  of  the  observation 
point  along  the  line,  such  a  parameter  can  produce  an 
increase,  a  decrease,  and/or  an  inversion  of  polarity  of  the 
induced  voltages  [35-37],  Detailed  explanation  of  the 
above  results  has  also  been  given.  In  Fig.  6  an  example  is 
given  of  the  profile  of  the  induced-voltage  amplitude 
along  a  1  km  long  line  for  the  case  of  a  stroke  location 
equidistant  from  the  line  terminations. 


Fig.  6  -  Illustration  of  the  ground  finite  conductivity  effect  on 
the  lightning-induced  voltage  peak  along  a  1-km  long,  10-m 
high  line.  Lightning  location:  50  m  from  the  line  center, 
symmetrical  to  the  line  ends  (for  details,  see  [37]). 


VI.  Application  to  Realistic  line  configurations: 

Interface  with  EMTP 

A  computer  program  (LIOV)  was  developed  by  the 
authors  which  allow  the  evaluation  of  lightning-induced 
voltages  on  a  multiconductor  overhead  line  above  a  lossy 
ground  (see  [38,35]  for  the  theoretical  background).  The 
line  does  not  exhibit  any  discontinuity  and  is  terminated 
at  both  extremities  on  impedances  characterized  by 
simple  RLC-type  circuits.  In  order  to  analyze  realistic 
configurations  such  as  a  distribution  network,  the  original 
LIOV  code  was  interfaced  with  the  Electromagnetic 
Transient  Program  (EMTP)  [39],  Two  interfacing 
methods  were  developed  in  collaboration  with  CESI  [40] 
and  EdF  [41].  With  the  developed  programs  it  is  possible 
to  compute  the  response  of  realistic  distribution  lines  to 
nearby  lightning,  and  therefore,  they  can  be  used  for 
insulation  coordination  of  specific  distribution  lines  (e.g. 
the  optimization  of  number  and  location  of  lightning 
surge  arresters). 

Figure  7  shows  a  low-voltage  system  configuration 
for  which  lightning-induced  voltages  were  computed 
using  the  two  above-described  approaches  (Figs.  8  and 
9).  The  stroke  location  is  indicated  in  the  figure  by  letter 
F,  and  the  conductors  height  is  10  m.  The  lightning  return 
stroke  electromagnetic  field  is  calculated  adopting  the 
MTL  model  [7];  the  return  stroke  velocity  is  assumed  to 
be  1.9108  m/s  and  the  channel-base  current  peak  is  30 
kA. 


Fig.  7  -  Case  study  system 


Fig.  8  -  Induced  voltages  at  the  various  buses  of  the  system, 
with  R=5  Q  (from  [42]). 
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Fig.  9  -  Induced  voltages  at  the  various  buses  of  the  system, 
with  R=  100  n  (from  [42]). 


Another  example  of  simulation  using  the  LIOV- 
EMTP  code  developed  in  collaboration  with  CESI  is  pre¬ 
sented  in  Fig.  10.  The  experimental  results  are  obtained 
on  a  reduced  scale  model  developed  at  the  University  of 
Sao  Paulo  [30], 
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Fig.  10  -  Computed  and  measured  (at  point  M2)  induced 
voltage  on  a  reduced  scale  model  for  a  complex  configuration 
(see  [30]  for  details). 
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1.  SETTING  OF  THE  MODELING  PROBLEM 

The  experience  shows  that  lightning  strokes  in  the 
lines  even  of  the  highest  voltage  class  can  often  cause  the 
insulation  flashover,  the  emergency  disconnection  of 
lines  and  the  equipment  damage.  Most  of  the  lightning 
strokes  in  the  overhead  lines  (more  than  90%  in  flat 
country  and  more  than  50%  in  mountains)  have  negative 
polarity.  Within  a  part  of  millisecond  they  are  developing 
from  thunder  center  in  a  cloud  towards  the  earth  in  a  form 
of  stepped  leader  [1],  The  high  volume  charge  surround¬ 
ing  tire  leader  channel  arises  as  a  result  of  tire  intensive 
corona  discharge.  While  the  leader  is  approaching  the 
earth  from  the  high  aboveground  objects  (in  particular 
from  wire  of  super  high  or  ultra  high  voltage  line  that  in 
this  moment  has  operating  voltage  of  opposite  i.e.  posi¬ 
tive  sign)  the  approaching  leaders  are  developing.  From 
the  moment  of  breakdown  of  an  interval  between  the 
converging  leaders  the  wave  of  return  stroke  current  is 
developing  from  earth  to  cloud.  It  causes  the  neutraliza¬ 
tion  of  the  volume  charge  surrounding  the  lightning 
channel.  In  a  process  of  switching  from  leader  to  return 
stroke  the  current  in  the  lightning  channel  increases  in 
thousands  times  during  a  few  microseconds.  The  light¬ 
ning  channel  is  heating  and  enlarging.  Voltage  on  the 
damaged  line  increases  up  to  millions  volts  depending  on 
the  place  of  stroke  (wire,  tower  or  ground  wire).  If  there 
are  an  operating  voltage  and  the  voltage  induced  by  light¬ 
ning  on  the  damaged  wire  it  leads  to  the  increasing  of 
return  stroke  wave  amplitude.  As  far  as  heating  and  en¬ 
larging  of  lightning  channel  are  in  progress  the  velocity 
of  spreading  of  next  stages  of  return  stroke  is  also  in¬ 
creasing.  It  might  be  said  that  they  leave  behind  its  previ¬ 
ous  stages  and  ‘crawl  over’  them.  The  spreading  velocity 
of  return  stroke  bright  glow  remains  or  even  increasing  at 
first  in  spite  of  intensive  neutralization  of  surrounding 


volume  charge  [2],  [3],  It  results  in  a  phenomenon  that  is 
similar  to  the  ultra  sound  stroke  in  air  [4],  All  these  in¬ 
crease  the  steepness  of  the  front  and  instant  current  values 
are  also  increased  under  the  first  stroke.  At  the  same  time 
the  repeat  strokes  develop  along  the  previously  heated 
lightning  channel  and  their  length  of  the  front  is  de¬ 
creased  but  its  steepness  is  increased  [5],  [6],  The  pro¬ 
posed  model  should  reproduce  these  specific  properties  of 
the  development  of  lightning  return  stroke  wave  current. 
The  presently  widely  spread  approach  describing  the  re¬ 
turn  stroke  of  lightning  as  a  source  of  ‘forced’  current 
with  infinitely  high  internal  resistance  [5]  looks  doubtful 
due  to  the  above  mentioned  reasons.  Associative  model¬ 
ing  of  lightning  stroke  should  be  based  on  the  integration 
the  system  of  quasi-linear  equations  in  partial  derivatives 
and  satisfaction  of  boundary  and  initial  conditions  for 
currents  and  voltages  in  the  place  of  lightning  stroke  in  a 
line.  It  is  necessary  to  consider  non-linear  electrophysical 
parameters  of  lightning  channel,  tire  wave  processes 
arising  in  a  line,  oncoming  voltage  on  the  damaged  wire 
etc.  However  the  direct  field  measurements  and  oscillo¬ 
gram  are  obtained  only  for  the  currents  in  the  place  of 
lightning  stroke  in  the  metallic  tower  with  negligible 
small  resistance  of  grounding  ('calculated  lightning  cur¬ 
rents'  Icai)  [5],  (7],  Therefore  the  model  should  be  based 
on  the  logarithmically  normal  distribution  of  lightning 
current  parameters  [5]  with  the  following  density  of  dis¬ 
tribution  (Table  1): 


/(*)  = 


exp(-x2/2)  y 


ln(x/AQ 

CTln  / 


(D 


where  CTln/  is  the  logarithmic  standard  deviation  and  M  is 
the  median  parameter  for  the  typical  oscillogram  /CT|(t) 
(Fig.  1).  It  should  also  take  into  account  the  approaching 
voltage  on  the  damaged  wire  Uw. 


The  rest  of  initial  data  can  be  chosen  similar  to  electro¬ 
physical  characteristics  of  breakdown  of  big  air  gaps  or  to 
the  results  of  other  investigations  made  in  laboratory 
conditions.  The  oscillogram  of  currents  in  Ostankino  TV 
tower  [8]  and  the  velocity  of  lightning  channel  bright 
glow  [2]  can  be  treated  as  an  indirect  check.  This  work  is 
dealt  with  the  systems  of  wave  equations  of  hyperbolic 
type  with  non-linear  parameters  (depending  on  the  instant 
current  values)  that  are  different  for  incoming  wave  of 
leader  {iu\uu)  and  for  the  lightning  return  stroke  wave 
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Figure  1.  Typical  oscillogram  of  the  impulse  of  ‘calcu¬ 
lated’  lightning  current  1  ^(t)  [5] 


(Zu»  ZsL) .  The  phase  velocity  of  the  return  stroke  has 
to  increase  with  the  current  and  with  decreasing  of  its 
equivalent  impedance  [4],  The  associative  modeling 
should  take  these  circumstances  into  consideration 

2.  EQUATIONS  OF  THE  LIGHTNING  STROKE 
IN  OVERHEAD  LINE 

For  the  modeling  of  incoming  and  reflected  waves  in 
lightning  channel  it  is  necessary  to  integrate  the  following 
approximate  system  of  differential  equations  in  partial 
derivatives: 

di/dx+dq/dt+Gu  aO,du/dx  +  d®/dt+Ea  «0  (3) 


Table  1.  Parameters  of  the  logarithmic  normal  distribu' 
tion  for  negative  downward  lightning  (Fig.  1) 


outgoing  from  the  place  of  stroke  (isL,usL) .  There  are 
following  expression  for  all  wave:  incoming  in  the  node  S 
(»,*;«,*)  from  the  neighboring  nodes  j=l,2,K  and  in  the 


lightning  j-L,  reflected  waves  iSj\uv-  and  boundary  con¬ 
ditions  in  this  node  S  (Fig.  2). 


Figure  2.  The  principal  scheme  of  the  lightning  stroke  in 
the  overhead  line. 


ujs  Z  js  '  ijs ■  USj  Z^  +  =  Us\ 

L  (2) 
+isj)  =  igr  =  »,'Zgr\U  =  ia,...,K,L) 

5=1 


The  positive  directions  to  node  S  of  the  currents  in  every 
line  j=  1,2... K,  L)  including  channel  of  the  lightning  are 
supposed  to  be  positive.  As  a  result  of  the  transition 
from  the  leader  stage  to  the  return  stroke  the  equivalent 
impedances  of  the  lightning  channel  are  different 


where  i,u,q,<b,Ea  are  the  total  current  and  voltage  of  the 
channel,  total  charge  in  the  channel  (taking  into  account 
surrounding  volume  charge),  magnetic  flux,  and  longitu¬ 
dinal  electric  field  conductivity  to  the  earth.  In  this  paper 
an  approximate  solution  of  systems  (2)  is  considered  in 
the  form  of  upward  and  downward  current  waves.  To  do 
this,  the  following  assumptions  are  made. 

2.1  Assumptions 

1.  The  boundary  effects  of  all  lines  (j=\,2..K,  L)  in 
node  S  and  the  lightning  channel  conductivity  to  the  earth 
(G  •  u  «  0)  will  be  disregarded. 

2 .  The  approximate  volt-coulomb  characteristics  of 
the  corona  discharge  will  be  taken  similar  to  the  results  of 
the  experimental  investigations  of  V-C  characteristics  in 
laboratory  conditions  [13,14]: 

q’  =u  +k(u  -if n’K+  =0.78; AT  =0.36  (4): 

q'  =  A+B(u’)4l3;A~  =0.15;fl+  =1.02, B~  =0.85 

where q"  -  qlqcr  =  /9(w*);w*  =u/ucr  ,u  and  q  are  the 
total  voltage  and  charge  of  the  channel  including  sur¬ 
rounding  space  charge;  «CT  and  qa  are  critical  corona 
voltage  and  charge  respectively: 

ucr  ~  E-crH ln(2Aj  ■  qcr  ~  ^crH  *  (5) 

where  the  critical  corona  field  is  equal  [9]: 

Ecr  =  3- 106  ■  (l  +0.0301/  (6) 

But  for  lightning  wcr  and  qcr  depend  also  on  the  variable 
radius  of  the  lightning  channel  n  unlike  the  constant  ra¬ 
dius  r  of  the  overhead  line  conductors.  In  accordance 
with  [10]  it  is  supposed  that  the  mean  value  of  the  current 
density  in  the  range  is  J~ 22  kA/cm2  for  the  high  rate  of 
the  impulse  current  breakdown.  So  it  leads  to  assumption 
that  the  radius  of  lightning  depends  on  the  current  during 
the  front  of  the  current  impulse.  Thus  it  is  necessary  to 
substitute  a  new  formula  instead  of  formula  (4): 

| - q-  =  -  - q-  =  /r (»>*).  (7) 

a  u  oi 

where  C  is  the  dynamical  capacitance  of  the  lightning 
channel  (taking  into  account  the  surrounding  volume 
charges)  and  T  is  the  dynamical  delay. 


190 


3.  The  inductance  component  of  the  voltage  drop: 

dO  _  di  _  SO  +  SO  dr/  ~  60  ^  2hs 

dt  dt '  dt  dt  drt  di  c  r, 

Where  L  is  the  dynamical  inductance  depending  on 
lightning  radius  rL=/r(/). 

4.  The  active  component  of  the  voltage  drop  Ea  af¬ 
fects  the  results  of  calculations  very  strongly.  But  there  is 
a  little  evidence  about  Ea  of  the  lightning  channel.  It  is 
assumed  that  Ea  depends  only  on  instantaneous  value  of 
the  current  at  the  same  time  and  in  the  same  node.  In  this 
paper  the  attempt  is  made  to  give  an  approximate  solution 
of  equations  (2)  in  the  form  of  the  downwave  of  the 
leader  and  the  upwave  of  the  return  stroke.  A  more  pre¬ 
cise  calculation  of  Ea  is  the  task  of  further  researches  and 
a  numerical  integration  [11]  of  systems  (3). 

We  consider  an  approximate  solution  in  the  form  of 
Ea  =  dua/dx  where  «a~/a(')  is  an  active  voltage  drop  at  the 
last  streamer-leader  zone.  Thus  ua  depends  only  on  i  ac¬ 
cording  to  falling  volt-ampere  static  characteristics  and 
dynamic  impedance  Za  becomes  negative: 

ua  a  Eshs (ls /if*", Za  =  dua/di«-aEshs[l^/il+a^ 

Es  «  -510 $yhs  »  50 ,IS  ~  200,a  «  0.15,.or.a  «  0.5 

where  Es  hs  and  I,  are  electric  field,  length,  and  current  of 
the  last  streamer-leader  zone  and  for  a  two  values  will  be 
considered  in  order  to  estimate  a  possible  error.  So  it  is 
obtained: 

Ea  «dua/dx»  ( dua  /di)  ■  ( di/dx )  =  Za  ■  di/dx  (10) 


Tlius  it  is  supposed  that  the  voltage  drop  in  the  arc  «a 
and  its  dynamical  impedance  Za  depend  only  on  the  in¬ 
stant  value  of  the  current  /:  Za  =/(/). 

By  substitution  of  equations  (4)-(10)  into  (3)  the  sys¬ 
tem  of  quasi-linear  partial  differential  equations  is  ob¬ 
tained: 


di  du  di  du  di  „  di 

—  - 1  — ; - ~ L - \-z.a  , 

dx  dt  dt  dx  dt  dx 


(ID 


where  C  and  T  depend  on  /  and  also  on  u=fjj)  but  L  and 
Za  depend  only  on  /.  In  the  first  approximation  all  of 
them  depend  on  x  and  t  only  indirectly  through  variations 
of  i  and  u.  The  lightning  develops  approximately  perpen¬ 
dicularly  to  the  Earth  surface  and  C  and  T  change  com¬ 
paratively  slowly  depending  on  the  height,  and  these 
changes  will  be  disregarded  as  h,»r\. 


2.2  The  lightning  equations  and  their  solution 

The  solution:  /  »/(/,*);«  of  the  system  of 

quasi-linear  differential  equations  (11)  will  be  found  ac¬ 
cording  to  the  method  of  characteristics  [12]  within  the 
region  of  change  of  the  variables  t,  x,  i,  and  u  that  have 
the  most  practical  significance  where  the  hyper-surface 
f(i,u,t,x)=0  remains  practically  "smooth",  i.e.: 

df-  —  -di  +  —  -du  +  —  -dt  +  —  -dx  =  zf-*Q  (12) 

di  du  dt  dx 


Under  ‘characteristics’  <j>(f,x) «  0  it  is  meant  such  ‘geo¬ 
desic’  lines  on  the  hyper-surface  (12)  on  which  and  also 
not  far  from  them  the  solutions  for  current  i(t,x)  and  volt¬ 
age  u(t,x)  remain  practically  constant  and  hence  their 
differentials  tend  to  zero 

di  =  -dx  +  —dt->0;du  =  —dx  +  —  dt->0  (13) 

dx  dt  dx  dt 

We  determine  the  partial  derivatives  of  t  (or  of  x) 

di  / dt  =  di !  dt- (di  / dx)(dx /  dt)\  du  /  dt  =  du  / dt-(du  / dx)(dx /  dt). 

and  substitute  them  into  (11): 

(dildxXZa  - L(dx/ dt))  +  (du / dx)  =  -L(di / dt)\ . (14) 

(dildxX  1  -  Tdx/dt)-C(du/dxXdx/dt)  =  -Tdildt-Cduldt 
The  solutions  of  the  system  (14)  relatively  to  the 
partial  derivatives  give  the  formulae: 

di/dx  =  Dj/ £),du/ dx  =  Du/D,  (15) 

where  D,  D,  and  Du  are  the  determinants  equal  to: 

L(dildt)  1 

'  =  -Tdildt  +  Cdu/dt  Cdx/dt' 
Za-L(dx/dt)  -L(di/dt)  n(n 

u  l-T(dx/dt)  -T(di/dt)-C(du/dt) . V 

]f  suppose  that  D  *  0  then  it  is  possible  to  get  the  single 
values  of  derivatives  for  the  lightning  channel: 
duldx-,du/dt\di/dx,di/dt .  It  contradicts  to  the  physical 
nature  of  lightning.  In  the  case  ofD  =  0,0,-  *  0;  Du  *0 
derivatives  tend  to  infinity  that  corresponds  to  the  line  of 
discontinuity  and  contradicts  to  the  condition  of  smooth¬ 
ness  (12).  So  D  is  put  to  0  and  A=0  or  Du= 0  that  gives 
equations  for  the  characteristics  dx/dt  and  for  du/di: 

dx/dt  =  fza  -7’/C±^(Za-r/c)2+4L/c]/2L; 

^  _ i  (17) 

du/di  =  f-  Za  -  TIC  ±  J{Za  - T  /Cf  +  4L/C  J/2 

Two  real  and  different  characteristics  dxJdt=f(i,u(i))  are 
obtained.  Thus  the  system  (1 1)  belongs  to  the  hyperbolic 
type.  As  Za<  0  the  plus  sign  should  be  placed  before  the 
square  root  in  the  equation  (17)  for  the  characteristics  of 
downward  waves  uu,iu  of  the  leader.  On  the  contrary  if 
dx/dt> 0  the  minus  sign  in  (17)  for  return-stroke  upward 
waves  usL\isL  is  placed.  Thus  the  system  of  two  differen¬ 
tial  equations  in  the  form  of  Cauchy  for  dus/dis,  and  for 
dui/diLx  are  derived,  The  parameters  Za,  C,  T,  and  L  are 
nonlinear  dependencies  on  die  instantaneous  values  of 
total  current  i=lu+1sL  and  voltage  u  =  U sL  +UU  in  the 
lightning  channel. 

By  the  numerical  integration  of  equation  (17)  under 
wide  variation  of  characteristics  Za=f(i),  C=fc(u,i), 
T=f(u,i)  and  L=f(u,i)  it  is  received  the  dependence: 

Zeq  ~  ZsL  =  usLlisL  =  /('t);'L  =  iu  +  hi . (18) 

According  to  equations  (11)  the  equivalent  scheme  is 
obtained  (fig.3)  for  calculating  voltage  us-us  (lcai)  on  the 
struck  node  of  line. 


Za  -L(dx/dt  1 
1  -Tdx/dt  Cdx/dt 
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Figure  3.  Equivalent  scheme  for  calculating  of  the  volt¬ 
age  at  the  place  of  lightning  stroke  in  overhead  line. 

The  equivalent  impedances  of  the  return  stroke  ZL  are 
given  in  fig.4,  according  to  (17)  by  increasing  the  total 
lightning  current”  /L  from  4=200  A  to  4=  250  kA. 

The  dependencies  ZL(iO  can  be  expressed  for  the  practi¬ 
cal  calculations  by  the  general  approximate  empiric  for¬ 
mula  for  the  equivalent  impedance  Z*,  of  the  return 
stroke  channel  of  the  linear  lightning  (in  Ohms): 

^*140.(1+240//,);^  =Ical-usIZeq, 

(19) 

us=(ica!+iwHZjl+z-g'r+z? 

where  4  and  /ca i  are  the  actual  and  'calculated'  (in  the  case 
of  the  stroke  if  the  same  lightning  in  the  well-grounded 
object)  [5],  [7]  lightning  current  (kA)  in  the  place  of 
stroke,  Iw  and  Zw  are  the  total  current  of  waves  coming 
along  the  line  wires  and  their  wave  impedance,  Ze  is  im¬ 
pedance  of  grounding  (Nvatering')  of  an  object  damaged 
by  lightning. 


Figure  4.  Equivalent  lightning  impedance  Zeq  calculated 
by  formula  (17)  depending  on  the  lightning  current. 
Curves  1,  2,  3,  4  with  a  =  0.15;  and  curve  5  with  a  =  0.5. 
Volt-coulomb  characteristics:  [13]-curves  1,  2,  5;  [14] 
curves  3,  4;  polarity  (-)  curves  1,  3,  5;  and  (+)-,  curves  2, 
4. 

In  the  first  moment  (t <2l^lc\j  =  1,2, ..X) the  voltages 

(i.e.  tire  operating  voltage  and  induced  voltage  from 
lightning  in  node  X)  are  expressed  by  2ujs=Ux0.  But  from 
node  X  to  neighboring  nodes  7=1,2,.. .K  the  waves 
Uy  =  -Zy  ■  4  =us-  uJS  are  going  and  after  the  time 

tsj  =  21  y  lc  in  node  S  the  waves  u]%  will  go.  They  will  be 

determined  by  the  reflection  condition  in  neighboring 
nodes  J.  That  is  why  the  precised  values  of  us  may  be 
obtained  after  1-2  iterations  done  according  to  equations 


(19).  In  some  case  when  uJZ sL«/cai  it  is  possible  to  ne¬ 
glect  u/ZlL  and  to  suppose  4  « Icai 

3.  BEADED  AND  GLOBE  LIGHTNINGS 

The  processes  connected  with  the  globe'  and  beaded 
lightnings  are  much  less  studied.  It  is  possible  to  say  that 
it  is  quite  difficult  to  explain  these  amusing  natural  phe¬ 
nomena. 

The  time  of  glow  of  the  globe  lightning  (seconds)  and  of 
the  beaded  lightning  (parts  of  a  second)  is  many  orders 
higher  than  the  time  of  the  impulse  of  the  linear  lightning 
current.  It  seems  that  it  can  be  explained  by  the  lumines¬ 
cence  of  the  metastable  excited  atoms  or  of  the  dissoci¬ 
ated  molecules  of  the  air  oxygen  or  nitrogen.  It  is  espe¬ 
cially  true  for  the  highly  humid  air.  However  at  present 
time  there  is  no  convincing  universally  recognized  expla¬ 
nation  of  the  appearance  of  the  luminous  restricted  in 
space  convex  “globe”  or  “beads”. 

3.1  Beaded  lightning 

The  appearance  of  the  beaded  lightning  can  be  explained 
by  the  “theta-pinch”  instability  of  the  linear  lightning 
channel  with  quite  large  steepness  of  the  return  stroke 
current  front.  It  was  shown  above  that  due  to  the  current 
increase  the  next  portions  of  the  front  spreads  along  the 
more  heated  channel  with  the  less  losses  and  the  higher 
phase  velocity  than  the  previous  ones  and  “leave  them 
behind”.  It  results  that  the  lightning  channel  cannot 
enlarge  and  the  “theta-pinch”  of  the  thin  lightning 
channel  with  the  high  current  takes  place  (fig.  6). 

3.2.  Globe  lightning 

The  appearing  of  the  globe  lightning  may  be  caused 
by  the  high  intensities  of  the  electric  field  on  the  edges  of 
the  unfinished  branches  of  the  linear  lightnings.  It  may  be 
also  caused  by  the  high  metal  installations  (the  ship 
masts, 


Figure  6.  The  scheme  for  the  arising  of  MHD  bursting 
instability  of  conductor  as  an  analogue  for  appearance  of 
the  beaded  lightning  [15], 

television  towers,  the  bell  towers  etc).  Or  it  may  be 
caused  by  the  “curved”  electromagnetic  instability  of  the 
linear  lightning  channel.  They  are  especially  possible  at 
the  places  of  the  accidental  curves  or  branches  from  the 
main  channel  of  the  linear  lightning.  Figure  7  displays  the 
sequential  stages  of  the  toroid  separating;  arrows  show 
the  corresponding  electrodynamics  forces.  Then  due  to 
the  heat  diffusion  this  toroid  changes  its  form  for  the 
convex  one  that  is  the  most  stable.  It  becomes  close  to  a 
sphere  and  continues  to  exist  and  shine  due  to  the  elec¬ 
trons  returning  from  the  metastable  to  the  normal  levels. 
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Figure  7.  Scheme  of  the  appearance  of  the  globe  light¬ 
ning  as  an  ‘curved’  instability. 

4.  CONCLUSIONS 

The  analysis  of  the  obtained  results  allows  us  to  make 
the  following  conclusions: 

1.  The  equivalent  lightning  impedance  changes  in 
wide  ranges  depending  on  the  lightning  current  but  it  has 
comparatively  low  dependence  on  the  electro-thermal  and 
physical  characteristics  obtained  by  the  laboratory  inves¬ 
tigations.  Impedance  Zeq  may  be  determined  according  to 
Figure  4  by  the  approximate  empirical  formula  (19)  with 
an  error  of  about  ±10%. 

2. The  equivalent  impedance  is  equal  to  3-4  kiloohms 
or  more  if  the  current  is  equal  to  or  less  than  10  kA.  The 
main  part  of  the  energy  is  spent  on  warming  up  and  ex¬ 
panding  the  lightning  channel.  An  insignificant  part  of 
energy  is  spent  on  the  neutralizing  of  the  volume  charges 
surrounding  the  channel  and  on  recharging  the  leader 
channel.  The  input  impedance  of  the  line  at  the  node  of 
the  lightning  stroke  is,  as  a  rule,  lower.  So  it  is  possible  to 
regard  lightning  as  a  source  of  current  with  infinitely 
large  impedance  as  it  was  previously  recommend  but 
only  for  the  ‘preliminary’  current  ;'L  <10  kA. 

3.  The  impedance  Zeq  decreases  rapidly  down  to 
800,. ..,700  ohms  in  the  range  of  currents  from  10  to  60 
kA.  Half  of  the  energy  is  spent  on  the  neutralizing  of  the 
volume  charges  and  recharging  the  leader  channel. 

4.  The  impedance  Zeq  becomes  stable  fewer  than 
250,350  ohms  if  the  lightning  current  is  high  (150,250 
kA).  It  is  found  that  the  impedance  of  the  electrical  arc  is 
only  10,20%  of  Zeq. 

5.  The  dynamical  characteristics  v  =  fv  (i, u)  have  tire 
physical  sense  of  the  phase  velocity  and  depend  greatly 
on  the  electro-thermal  and  physical  characteristics  of  the 
lightning  channel;  so  it  is  necessary  to  make  them  more 
precise.  It  was  obtained  v  «  g  for  i'L  <  10  kA.  However 
the  phase  velocity  increases  rapidly  while  the  current 
increases  during  the  front  of  the  impulse;  it  becomes  sta¬ 
ble  for  the  currents  50-250  kA  at  the  level  of  about  0.2 
?,... ,0.4  c. 

These  results  show  that  one  must  carry  out  further  in¬ 
vestigations  concerning  reflections  from  branching  of 
lightning,  neutralizing  surrounding  charges  and  the  leader 
volt-ampere  characteristics.  The  generalized  rule  of  the 
equivalent  wave  (Figures  3)  uses  the  field  measurements 
of  lightning  current  in  the  node  with  the  stroke  and  takes 
into  account  all  reflections  from  neighboring  nodes  ac¬ 
cording  to  equation  (19)  and  Figure  3. 

6. The  above-mentioned  hypothesis  about  phase  ve¬ 
locity  is  supported  by  approximate  calculations  showing 
that  wave  velocity  increases  rapidly  and  the  next  portion 


of  the  wave  overtakes  the  preceding  one.  As  a  result  of 
this  the  shock  current  wave,  shock  UHF  electromagnetic 
fields  and  shock  wave  in  the  gas  (thunder)  must  arise. 

7.The  solutions  obtained  for  the  equivalent  lightning 
impedance  and  phase  velocity  are  based  on  assumptions 
and  generalized  characteristics  of  the  impulse-corona 
discharge,  the  radius  of  the  lightning  channel,  and  the 
impedance  of  the  arc.  It  makes  possible  to  consider  the 
process  of  transition  from  the  leader-streamer  zone  to  the 
return-stroke  of  lightning  during  initial  stages.  It  also 
makes  possible  to  solve  the  complicated  system  of  partial 
differential  equations  of  lightning  in  approximate  but 
visual  form  for  the  current  source,  equivalent  impedance, 
return  stroke  upwave,  and  leader  downwave  current.  The 
further  investigations  are  required  and  comparison  of  the 
measured  and  the  calculated  electromagnetic  fields 
should  be  done.  Authors  believe  that  the  obtained  results 
do  not  contradict  to  the  results  of  field  measurements  of 
average  values  of  lightning  impedance  and  phase  velocity 
of  the  bright  luminous  domain  in  the  return  stroke. 
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Abstract  —  Theoretical  and  experimental  transient 
methods  are  proposed  for  connector  behaviour  analysis. 
From  transient  results  S  parameters  and  radiation 
losses  are  deduced ,  and  an  electrical  far  field 
magnitude  is  proposed. 

1.  INTRODUCTION 

In  the  EMC  community,  it  is  well  known  that  many 
non-conformities  are  caused  by  electrical  links.  The 
identification  of  the  undesired  electromagnetic 
phenomena  often  comes  too  late  to  allow  a  simple, 
inexpensive  corrective  action.  So,  to  reduce  these 
additional  costs,  prediction  tools  must  be  developed. 
Time  domain  analysis  can  be  used  to  evaluate 
electromagnetic  parasitics  like  radiation  losses  [1],  Our 
contribution  in  this  domain  more  particularly  concerns 
the  radiation  of  localized  defect  like  connectors  in  a 
frequency  range  up  to  1  GHz.  Several  test  devices  have 
been  designed  and  analyzed  in  order  to  study 
discontinuity  radiation.  To  illustrate  the  theoretical  and 
experimental  approaches,  a  slot  on  a  coaxial  cable  shield 
is  analyzed. 

2.  DISCONTINUITY  ANALYSIS  PRINCIPLE  : 

2.1.  Electromagnetic  study 

The  simulated  structure  is  represented  in  figure  1  : 
Coaxial  cable 


Slot  P2 

Fig.  1 .  Simulated  structure 


The  characteristic  of  the  studied  structure  are  the 
following  : 

Coaxial  cable  diameter  :  3,2  mm 

Core  diameter  :  0,45  mm 

Characteristic  impedance  of  the  coaxial  cable  : 

50  0 

This  structure  has  been  modeled  and  simulated  using 
a  3D  Finite  Difference  Time  Domain  (F.D.T.D.) 
algorithm  which  gives  direct  solutions  of  Maxwell’s 
time  dependent  curl  equations  [2], 

Two  reference  planes  are  chosen  as  shown  in  Fig.  1.  The 
feeder  is  simulated  by  E  field  components  in  Pi.  The 
components  are  gaussian  shaped  allowing  a  harmonic 
characterization  in  a  frequency  range  up  to  1GHz. 
Transient  current  evolution  on  the  structure  is  deduced 
from  the  H  field  circulation  around  the  coaxial  core 
(Fig.  2.,  Fig.  3.). 

Scattering  parameters  are  deduced  from  the  Fourier 
transform  of  the  incident  (in  Pi)  and  transmitted  (in  P2) 
currents  and  from  that  reflected  by  the  discontinuity  (in 
Pi)  as  follows : 


Snif)= 


^  1/  reflected  (0. 
F\j incident  (01 


•^21  (/)_ 


transmitted  (0- 
F\j incident  (01 


(1) 

(2) 


The  radiated  power  -  incident  power  ratio  is  equal  to  the 
radiated  losses  and  is  deduced  by  Sn(f)  and  S2i(f)  as 
follows : 


Radiated  losses  =1-1  Sn(f)l2  - 1  S2i(f)l2  (3) 


The  dissipation  power  in  both  metal  and  dielectric 
substrate  is  ignored  here. 
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Fig  5  :  reference  voltage 

Fig.  2.  Transient  current  before  the  slot  in  P] 
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Fig.  3.  transient  current  after  the  slot  in  P2 
2.2.  Experimental  configuration 
A  schematic  view  of  the  setup  is  shown  in  Fig.4. 

All  measurements  are  performed  with  a  pulse 
generator  (300ps  rise-time,  2ns  pulse  width),  a  digitizing 
oscilloscope  (6  GHz  bandwidth)  equipped  with  two 
voltage  probes.  All  transmission  lines  used  for  the 
experimentation  are  semirigid  coaxial  cables. 

First,  reference  voltage  is  measured  while  connecting 
a  50  Q  load  directly  to  the  first  probe  tip  adapter  (Fig. 
5.).  After  that,  the  DUT  is  connected  to  the  probe  tip 
adapter  and  the  voltage  reflected  by  the  slot  is  deduced 
from  the  voltage  measure  (Fig  6).  The  transmitted 
voltage  is  measured  by  using  the  second  probe  tip 
adapter  connected  after  the  DUT  (Fig  7). We  notice  that 
the  curve  presented  on  Fig.  6.  allows  us  to  localize  the 
defect  and  the  second  probe  influences  on  the  coaxial 
transmission  line. 


Fig.  6.  voltage  before  the  slot 
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Fig.  7.  voltage  after  the  slot 

3.  FREQUENCY  RESULTS 

Scattering  parameters  are  deduced  from  the  Fourier 
transform  of  the  incident,  reflected  and  transmitted 
voltages. 

In  order  to  correct  experimental  systematic  errors,  a 
calibration  procedure  is  necessary  [3]  [4],  This 

correction  is  done  in  frequency  domain  by  using  a  Short 
Open  Load  Through  procedure. 

Here  we  present  some  significant  results  about  the 
slot  on  coaxial  cable  shield  (Fig.l.). 

The  scattering  coefficient  magnitudes  for  this 
discontinuity  before  and  after  calibration  procedure  are 
presented  in  the  same  Fig.  8. 
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Fig.  4.  :  schematic  view  of  the  experimental  test  setup. 
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Reflection  parameters  Sn 
Fig.  8.  experimental  and  simulation  results 


The  curves  representing  the  evolution  of  IS2i(f)l  and 
ISn(f)l  as  a  function  of  frequency  show  a  good 
agreement  between  corrected  measurements  and 
calculated  data.  We  especially  show  the  important 
influence  of  the  calibration  procedure  . 

From  theoretical  and  experimental  results,  we 
deduce  the  radiated  losses  (Fig  9).  The  lost  power 
evolution  as  a  function  of  frequency  shows  a  very  good 
agreement  between  theoretical  data  and  transient 
measurement.  This  curves  show  the  efficiency  of  the 
transient  experimental  set  up  to  characterize  the  defect 
influences  on  the  radiated  power  by  the  line. 


Fig.  9.  lost  power 


4.  ELECTRICAL  FAR  FIELD  ESTIMATION 

Knowing  P|0St  we  propose  an  estimation  of  the 
maximum  electrical  far  field  magnitude  in  the  worst 
case. 

In  free  space  the  relation  associating  the  far  field  of  an 
isotropic  source  to  the  lost  power  is  the  following  : 

rE0{r)=j6oFr  (4) 

Where  r  is  the  considered  distance, 

E(r)  is  the  electrical  far  field, 

Pr  is  total  radiated  power  by  the  isotropic 
source 

When  we  consider  this  isotropic  source  placed  at  the 
beginning  of  a  transmission  line,  this  line  behave  as  a 
travelling  wave  line  which  can  present  a  radiation  lobe 
(Fig.  10) 
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Fig.  10.  radiation  lobe  influence 

Then,  in  the  worst  case,  we  consider  the  far  field  with 
the  help  of  the  following  relation  : 

E2=4.E0  (5) 

For  example,  at  600  MHz,  the  lost  power  of  the 
considered  slot  is  about  to  0.5  %.  Then,  knowing  the 
injected  power  Pinj  and  with  help  of  (5),  we  deduce  the 
maximum  far  field  ten  meters  away  in  the  worst  case, 
Ew. 

Ew=  (o. lx V60x 0.005  )x4  =220mV.m~l  (6) 

with  lWatt  of  injected  power 

5.  CONCLUSION 

Theoretical  and  experimental  approaches  are  applied 
to  localized  discontinuity  analysis  and  particularly  to 
slot  effects. 

Simulation  and  experimental  measurements  give 
very  similar  S  parameters  results;  this  comparison  shows 
the  efficiency  of  the  calibration  procedure. 

These  results  validate  the  experimental  transient 
analysis  for  the  prediction  of  discontinuity  (like 
connectors)  behavior  and  particularly  radiation  losses. 

From  the  radiation  losses  we  proposed  an  electrical 
far  field  estimation  based  on  a  worst  case 
approximation.  At  this  time  we  are  working  about  the 
improvement  of  this  approximation  in  order  to  take  into 
account  the  relation  between  the  line  and  the  wave 
length. 

Moreover,  we  are  working  about  localized  defects  on 
other  transmission  links  like  bifilar  and  multifilar  links 
which  present  a  characteristic  impedance  different  from 
500.  For  this  study,  another  calibration  procedure  must 
be  applied. 
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The  following  report  gives  an  overview  of  common 
used  and  standardised  measurement  procedures 
of  the  screening  effectiveness  of  communication 
cables.  Furthermore  a  view  to  future  EMC  meas¬ 
urements  of  communication  cables  as  well  as  of 
connectors  is  given. 

1  INTRODUCTION 

1.1  General 

Due  to  increasing  use  of  ail  kind  of  electric  or 
electronic  equipment,  electromagnetic  pollution  in¬ 
creases.  To  reduce  this  electromagnetic  pollution, 
all  components  of  a  system,  especially  the  con¬ 
necting  cables  shall  be  screened. 

To  have  a  measure  of  the  screening  effectiveness 
and  to  compare  different  screen  constructions  with 
each  other,  international  standardised  measuring 
procedures  are  required. 

The  following  report  gives  an  overview  of  common 
used  and  standardised  measurement  procedures 
of  the  screening  effectiveness  of  communication 
cables  which  are  summarised  in  prEN  50289-1-6. 
Furthermore  a  view  to  future  EMC  measurements 
of  communication  cables  as  well  as  of  connectors 
is  given. 

1 .2  CLC  TC46X/WG3 

Following  a  decision  of  the  CENELEC  TC46X, 
Communication  Cables,  the  Working  Group  CLC 
TC46X/WG3,  Screening  Effectiveness,  was  estab¬ 
lished  in  1996.  The  task  of  this  Working  Group  has 
been  to  develop  standards  to  measure  the 
screening  behaviour  of  communication  cables;  es¬ 
pecially  for  balanced  data  cables.  The  first  meet¬ 
ing  of  this  working  group  has  been  held  on  10th  of 
January  1997  in  Hoersholm,  Denmark. 

At  the  moment  a  draft  standard  prEN  50289-1-6  is 
published,  which  includes  4  different  measurement 


procedures  to  measure  screening  effectiveness  of 
communication  cables. 

The  CLC  TC46X/WG3  is  the  mirror  committee  to 
the  I  EC  TC  46/WG5,  Screening  Effectiveness. 
Since  some  Experts  are  members  of  both  Working 
Groups  a  good  co-operation  between  this  both 
groups  is  given  and  double  work  is  avoided. 

2  PHYSICAL  BASICS 


2.1  General  coupling  equation 

For  the  measurement  of  coupling  it  is  expedient  to 
use  the  concept  of  operational  attenuation  with  the 
square  root  of  power  waves,  like  in  the  definition  of 
scattering  parameters  [1,2].  The  general  coupling 
transfer  function  is  then  defined  as: 


1 f  '  Ujyfc  ~7^T 


(1) 


The  electromagnetic  influence  between  the  cable 
and  the  surrounding  is  in  principle  the  crosstalk 
between  two  lines  and  is  caused  by  capacitive  and 
magnetic  coupling.  At  the  near  end  the  magnetic 
and  capacitive  coupling  add  where  at  the  far  end 
they  subtract  [2,3],  The  coupling  over  the  whole 
cable  length  is  obtained  by  integrating  the  infini¬ 
tesimal  coupling  distribution  along  the  cable  with 
the  correct  phase.  The  phase  effect,  when  sum¬ 
ming  up  the  infinitesimal  couplings  along  the  line 
is  expressed  by  the  summing  function  S  [2],  When 
the  cable  attenuation  is  neglected  S  could  be  ex¬ 
pressed  by  the  following  equation. 


s „(!/)= 


sin (^2  ±/7,)-//2 

(A±A)'/2 


exp(-y(/?2  +-  /7,)//2) 


(2) 
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ABSTRACT 

A  new  test  standard  emerges  to  evaluate  the  EMC  performance  of  cables  and  cable  assemblies. 
With  this  test  method  called  coupling  attenuation  balanced  and  unbalanced  cables  are  investigated.  The 
results  are  compared  with  radiated  immunity  tests  inside  a  semi-anechoic  chamber.  Using  simple 
antenna  theory  agreement  between  both  test  methods  is  illustrated.  This  enables  to  draw  conclusions 
about  the  correctness  of  coupling  attenuation. 


INTRODUCTION 

A  long  time  industry  has  been  looking  for  a 
simple  test  methods  to  evaluate  the  EMC 
performance  of  symmetrical  cables,  connectors 
and  cable  assemblies.  Over  the  years  multiple 
parameters  have  been  introduced  into  standards 
like  balance,  transfer  impedance,  screening 
attenuation,  etc.  However  these  parameters 
describe  only  partly  the  radiation  and 
susceptibility  properties.  Balance  describes  the 
conversion  between  differential  and  common 
mode  currents  on  a  symmetrical  pair.  Transfer 
impedance  describes  the  relation  between  the 
common  mode  voltage  and  the  current  on  the 
outside  of  the  screen.  However  a  system 
engineer  is  only  interested  in  the  combined  effect 
of  balance  and  screening  as  this  determines  the 
noise  induced  on  the  cable  and  the  Bit-Error 
Rate. 

As  cables  and  connectors  are  passive  devices, 
the  radiation  from  a  cable  and  the  susceptibility 
to  external  fields  are  reciprocal.  Therefore  the 
electromagnetic  performance  of  a  passive  device 
can  be  presented  by  a  single  parameter  which  is 
the  relation  between  the  injected  power  on  the 
cable  and  the  radiated  power.  Such  a  parameter 
expresses  the  electromagnetic  isolation  between 


a  signal  pair  and  its  electromagnetic 
environment. 

Today  a  new  test  method  called  coupling 
attenuation  is  proposed  within  the  European 
standardization  organization  CENELEC.  Coupling 
attenuation  measures  the  relation  between  the 
injected  power  and  the  maximum  power  of  the 
radiating  currents  at  either  near  or  far  end.  The 
power  of  the  radiating  currents  is  measured  using 
a  current  transformer  around  the  device  under 
test.  For  this  reason  coupling  attenuation  can  be 
considered  as  a  conducted  emission  test  of  the 
EMC  performance.  However  shielding 
effectiveness  in  EMC  depends  on  frequency  and 
distance  as  an  electric  or  magnetic  field  in  the 
neighbourhood  of  a  device  does  not  necessary 
radiate  in  the  far  field.  To  that  aim  far  field  tests 
have  been  done  to  demonstrate  agreement  with 
coupling  attenuation. 

In  order  to  make  the  correlation  as  precise  as 
possible  the  experiments  have  been  simplified. 
First  agreement  between  both  test  methods  is 
only  done  for  a  FTP,  a  UTP  and  a  coaxial  cable. 
Introducing  connecting  hardware  or  patch  panels 
adds  a  supplementary  uncertainty  to  the 
measurements.  Secondly  the  far  field  tests  are 
limited  to  radiated  immunity  inside  a  semi- 
anechoic  room  according  to  IEC  61000-4-3.  In 
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this  way  uncertainties  are  avoided  arising  from 
rotating  the  device  under  test,  changing  antenna 
height,  etc.  Also  the  price  for  the  test  facility  was 
much  cheaper. 

COUPLING  ATTENUATION 


Test  procedure 


The  electromagnetic  performance  of  an 
unbalanced  cable  is  the  effect  of  the  screen.  The 
electromagnetic  performance  of  a  symmetrical 
cable  is  the  combined  result  of  both  balance  and 
screening.  The  coupling  attenuation  of  each 
cable  is  expressed  in  dB  as: 

r  \ 


ac  =  10.LOG-|o 


Pi 


ImaxjP^nlP^f 


where 


Pi  input  power  of  inner  circuit 
P2,n  maximum  near  end  peak  power  of 
outer  circuit 

P2 ,  maximum  far  end  peak  power  of 
outer  circuit 

To  measure  this  parameter  the  cable  is  fed  with 
power  Pi.  Due  to  the  electromagnetic  coupling 
between  the  cable  and  its  environment  surface 
waves  are  exited  and  propagated  in  both 
directions  along  the  screen  surface.  A  surface 
current  transformer  is  used  for  picking  up  the 
power  of  the  surface  waves  with  an  absorber  to 
suppress  unwanted  common  mode  currents.  On 
the  basis  of  the  measured  surface  currents  -  P2,n 
or  P2.f  -  it  is  possible  to  calculate  the  maximum 
peak  power  in  the  secondary  system  formed  by 
the  screen  of  the  cable  (or  the  cable  itself)  and 
the  environment. 


absorbing  clamp  and  the  absorber  are 
interchanged. 

The  power  of  the  output  of  the  absorbing  clamp  is 
measured  for  a  linear  frequency  sweep  from  30 
MHz  up  to  1000  MHz  in  steps  of  2.425  MHz.  As 
the  injected  power  injected  is  known  the  coupling 
attenuation  can  be  calculated  taking  into  account 
the  attenuation  of  the  set-up.  For  a  symmetrical 
cable  the  test  method  is  repeated  for  each 
individual  pair. 

Experimental  results 

Three  different  cables  were  measured  with 
coupling  attenuation:  A  coaxial  cable  to  observe 
the  effect  of  the  screen,  a  UTP  to  observe  the 
effect  of  the  balance  and  a  FTP  (dual  foil)  to 
observe  the  combined  effect  of  balance  and 
screen. 
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Figure  2:  Coupling  attenuation  of  a  dual  foil  twisted 
pair  cable 


The  cable  under  test  is  laid  on  a  non-metallic 
table  and  connected  to  the  generator  via  an 
impedance  matching  balun.  The  stationary 
absorbing  clamp  is  placed  as  near  as  practically 
possible  from  the  reflector  plate  for  a  near  end 
measurement.  For  a  far  end  measurement  the 


Figure  3:  Coupling  attenuation  of  an  unshielded 
twisted  pair  cable 


Figure  4:  Coupling  attenuation  of  a  coaxial  cable 
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The  electromagnetic  isolation  provided  by  the 
dual  foil  cable  is  higher  than  for  the  other 
measured  cables.  The  coupling  attenuation  of  the 
FTP  is  32  dB  better  than  the  UTP  and  34  dB 
better  than  the  coaxial  cable. 

For  the  symmetrical  cables  the  recorded  traces 
of  the  individual  pairs  remain  close  to  a  limit 
curve  which  is  constant  up  100  MHz  but 
decreases  with  20  dB/  decade  from  this 
frequency.  This  arises  as  electromagnetic 
isolation  provided  by  the  screen  is  independent 
on  frequency  whereas  isolation  provided  by  the 
balance  decreases  with  20  dB  /  decade.  The 
level  of  the  limit  curve  is  a  single  parameter  used 
to  characterize  the  coupling  attenuation  over  the 
entire  frequency  range.  The  same  approach  is 
proposed  within  the  emerging  draft  standard  for 
coupling  attenuation. 

For  the  unbalanced  cable  the  isolation  remains 
constant  with  frequency  as  the  balance  equals 
zero.  The  same  limit  curve  is  used  to 
characterize  the  coupling  attenuation  over  the 
entire  frequency  range  although  the  recorded 
trace  is  nearly  flat.  Hence  the  electromagnetic 
isolation  of  the  unbalanced  cable  increases  by  20 
dB/decade  in  comparison  with  the  balanced 
cables. 

RADIATED  IMMUNITY 

A  cabling  set-up  is  radiated  inside  a  semi- 
anechoic  room  as  specified  in  the  radiated 
immunity  standard  ISO/IEC  61000-4-3.  The 
transmitting  antenna  is  placed  3  m  from  the 
cabling  set-up  and  generates  an  unmodulated 
field  of  about  3  V/m.  The  frequency  range  is 
covered  by  a  biconical  antenna  from  30  to  200 
MHz  and  with  a  log-periodic  antenna  with  two 
amplifiers  from  200  MHz  to  500  MHz  and  from 
500  to  1000  MHz. 


Figure  5:  Picture  of  cabling  set-up  inside  semi 
anechoic  chamber 


Cabling  set-up 

All  radiated  immunity  testing  must  be  performed 
in  a  configuration  as  close  as  possible  to  the 
installed  case.  However  for  cabling  there  is  no 
standardized  cabling  set-up  to  get  reproducible 
test  results.  Moreover  in  order  that  it  is  useful  for 
EMC  tests,  the  set-up  should  not  suppress  or 
enhance  certain  frequency  ranges,  and  the 
direction  to  the  test  set-up  and  polarization  of  the 
receiving  antenna  should  not  be  critical. 

Therefore  ISO/iEC  JTC1  SC25  WG3  proposed  to 
CISPR  G  a  set-up  during  the  London  meeting  in 
June  19964.  It  consists  of  a  10  cm  thick  wooden 
frame  on  which  70  m  cable  is  wound  on  the  front 
side  and  on  the  back  side.  The  cable  is  routed  on 
both  sides  by  circular  non  conducting  cable 
supports  with  a  bending  radius  of  5  cm. 


200  cm 


Figure  6:  Position  cable  supports  on  wooden  frame  of 
cabling  set-up 


The  properties  of  the  cabling  set-up  as  radiating 
element  were  investigated  and  compared  to  the 
emission  of  a  dipole  antenna3,4.  It  was  concluded 
that  the  minimum  attenuation  is  obtained  when 
the  cabling  set-up  is  perpendicular  to  the 
direction  of  the  antenna.  Moreover  the  relative 
gain  is  quite  constant  over  the  frequency  range 
and  the  set-up  has  no  dominant  polarization  or 
directional  characteristics.  These  results  made  us 
decide  to  construct  an  identical  set-up. 

incident  field 

For  radiated  immunity  testing  of  equipment  the 
incident  field  is  80%  amplitude  modulated. 
However  for  linear  passive  devices  like  cables 
this  is  useless  and  only  gives  arise  to  more 
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intricate  calculations  when  correlating  both  test 
methods. 

To  achieve  a  constant  field  inside  a  seml- 
anechoic  chamber  the  power  fed  to  the  antennas 
has  to  be  adjusted  continuously  at  each 
frequency.  This  makes  a  radiated  immunity  test 
extremely  time  consuming.  Besides  there  is  no 
reason  to  keep  the  incident  field  constant  in  order 
to  characterize  passive  devices.  The  amount  of 
power  induced  on  the  cable  is  directly  related  to 
the  power  density  of  the  incident  field.  As  cables 
are  linear  devices  this  ratio  is  totally  independent 
of  the  field  strength. 

Therefore  the  power  fed  to  the  antenna  was  kept 
constant  over  the  frequency  range  of  each 
amplifier.  As  a  consequence  the  incident  field 
was  not  constant  as  function  of  frequency  but 
altered  due  to  the  antenna  factors  and  the 
characteristics  of  the  semi-anechoic  chamber. 
Nevertheless  particular  care  shall  be  taken  to 
ensure  the  uniformity  of  the  generated  fields 
especially  at  lower  frequencies.  Because  it  is 
impossible  to  establish  a  uniform  field  close  to  an 
earth  reference  plane  -  i.e.  the  wall  of  the  semi- 
anechoic  chamber-  the  calibrated  area  is 
established  at  a  height  no  closer  than  0.8  m  from 
the  walls.  Therefore  the  anechoic  chamber  must 
be  sufficiently  large  for  the  cabling  set-up.  As  the 
dimensions  of  the  chamber  equals  13.4  m  x  4.7 
m  x  3.0  m  this  will  not  affect  the  measurements. 

A  .uniform  area"  is  defined  as  a 
hypothetical  vertical  plane  of  the  field  in  which 
variations  are  acceptably  small.  The  size 
depends  on  the  size  of  the  device  under  test.  For 
the  cabling  set-up  the  defined  area  is  the  part  of 
the  wooden  framework  80  cm  above  the  ground 
plane.  Hence  the  two  cable  supports  close  to  the 
ground  plane  are  excluded  from  the 
measurements. 

200  cm 


Figure  7:  Defined  area  for  which  uniformity  is  required 


The  uniformity  was  verified  over  the  defined  area 
with  an  Isotropic  handhold  field  tester  at  five 
different  locations  along  the  area  of  interest,  i.e. 
in  the  center  and  in  corners  of  the  defined  area. 
At  each  location  the  field  was  measured  In  steps 
of  50  MHz  up  to  500  MHz  and  in  steps  of  100 
MHz  up  to  1000  MHz  for  both  the  horizontal  and 
vertical  polarization  state. 


Uniformity  for  horizontal  polarization 


Frequency  (MHz) 

Figure  8:  Uniformity  of  the  horizontal  field 
component  -  Dark  traces  indicates  the  maximum  and 
minimum  values  at  different  locations;  Light  traces 
indicate  field  at  each  location  versus  frequency. 


Uniformity  for  vertical  polarization 


Frequency  (MHz) 

Figure  9:  Uniformity  of  the  vertical  field 
component  -  Dark  traces  indicates  the  maximum  and 
minimum  values  at  different  locations;  Light  traces 
indicate  field  at  one  location  versus  frequency. 

According  to  the  radiated  immunity  standard  a 
field  is  considered  uniform  if  its  magnitude  over 
the  defined  area  is  within  -  0  dB  to  +  6  dB  of  a 
nominal  value  over  75  %  of  the  surface.  The 
tolerance  of  6  dB  is  considered  to  be  the 
minimum  achievable  in  practical  test  facilities.  By 
eliminating  17  %  of  the  recorded  values  for  the 
horizontal  polarization  and  by  eliminating  11  %  of 
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the  recorded  values  for  the  vertical  polarization 
all  the  remaining  values  are  within  0  dB  to  6  dB 
limit  over  the  defined  area.  Hence  the  field 
generated  by  an  antenna  placed  3  meters  from 
the  device  under  test  is  uniform. 

For  equipment  testing  the  minimum  field  strength 
is  of  importance,  i.e.  the  magnitude  of  field  over 
the  defined  area  which  corresponds  to  the  0  dB 
value.  This  is  logical  because  an  incident  field 
with  a  higher  magnitude  will  certainly  interfere 
with  the  equipment.  However  when 
characterizing  passive  devices  it  is  the  average 
incident  field  of  ail  recorded  values  that  is  of 
interest. 

Average  field 


further  improved  with  ferrite  blocks  just  in  front  of 
the  balun  like  for  the  coupling  attenuation  tests. 


Figure  11:  Picture  of  connection  to  cabling  set-up 
inside  the  anechoic  chamber 
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Figure  10:  The  average  field  strength  over  the  defined 
area 

The  average  field  strength  varies  strongly  from 
1.8  V/m  up  to  9  V/m.  When  averaging  over 
frequency  the  field  strength  varies  slightly  around 
3  V/m. 

Observe  that  the  that  the  traces  for  horizontal 
and  vertical  polarization  are  very  close  to  each 
other.  This  indicates  the  polarization  insensitivity 
of  the  cabling  set-up. 

When  an  amplifier  is  changed,  i.e.  at  200  MHz 
and  500  MHz,  the  uniform  field  inside  the  semi- 
anechoic  chamber  changes  drastically  because 
the  antenna  is  fed  with  different  power  levels. 

Monitoring  noise  power 

The  signal  induced  on  the  cable  is  measured 
outside  the  semi-anechoic  chamber  with  a 
spectrum  analyzer  (bandwidth  100  kHz).  To 
measure  the  balanced  cables  an  impedance 
matching  balun  is  inserted  with  a  balance  of  40 
dB  from  30  MHz  to  1000  MHz.  This  is  the  same 
balun  as  used  during  the  coupling  attenuation 
tests  and  was  put  inside  a  small  metallic  box 
fixed  to  the  wall  inside  the  semi-anechoic 
chamber.  The  common  mode  rejection  ratio  was 


Experimental  results 

In  figures  12-13  the  induced  noise  is  shown  for 
horizontal  and  vertical  polarization  of  the 
antenna.  For  all  cables  the  traces  for  the 
horizontal  polarization  are  very  close  to  the 
traces  of  the  vertical  polarization.  This  indicates 
again  the  polarization  insensitivity  of  the  cabling 
set-up. 
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Figure  12:  Noise  power  induced  on  a  dual  foil  twisted 
pair  cable 
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Figure  13:  Noise  power  induced  on  an  unshielded 
twisted  pair  cable 
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Figure  14:  Noise  power  induced  on  a  coaxial  cable 

Besides  for  the  unbalanced  cable  the  induced 
noise  seems  to  be  independent  of  frequency. 
This  is  not  in  contradiction  with  coupling 
attenuation  as  will  be  explained  in  next  section. 
The  traces  for  the  dual  foil  cable  are  about  30  dB 
lower  than  the  traces  of  the  UTP  cable.  This 
difference  was  also  observed  with  previous  test 
method  and  applies  also  to  the  coaxial  cable. 
However  for  the  unbalanced  cable  the  induced 
noise  decreases  with  20  dB/decade  with  respect 
to  the  symmetrical  cables.  This  was  also 
confirmed  with  previous  test  method. 

CORRELATION  FAR  FIELD  -  NEAR  FIELD 

Theoretical  calculations 

The  next  step  consists  in  calculating  the  noise 
induced  on  a  cable  with  a  certain  level  of 
coupling  attenuation.  However  this  requires 
knowing  the  amount  of  power  captured  in  the 
outer  circuit  of  the  cabling  set-up  by  the  incident 
field. 

The  induced  noise  power  in  the  outer  circuit  by  a 
field  of  3  V/m  can  be  calculated  using  simple 
antenna  theory.  The  amount  of  energy  an 
antenna  picks-up  from  the  incident  field  depends 
on  the  antenna  aperture.  The  latter  is  given  by 
following  equation: 


G(e,q>)  = 


4.7i.Af(9,(p) 

XX 


where 


G(e,cp)  antenna  gain 

Af(e,q>)  antenna  aperture 

X  wavelength 

The  gain  of  the  cabling  set-up  has  been 

investigated  by  comparing  the  radiation  from  the 
cabling  set-up  with  a  resonant  dipole  antenna3,4. 
It  was  concluded  that  the  relative  gain  of  the 


cabling  set-up  referred  to  a  dipole  was  quite 
constant  over  the  frequency  range  of  interest  and 
very  close  to  that  of  a  resonant  dipole  (gain  * 
1.64).  Using  this  value  the  amount  of  power 
captured  by  the  cabling  set-up  is  found  by 
multiplying  the  magnitude  of  the  incident  field 
with  the  effective  aperture.  For  a  constant  field  of 
3  V/m  (over  the  entire  frequency  range)  the 
captured  power  in  the  outer  circuit  of  the  cabling 
set-up  is  shown  in  figure  15. 


Received  common  mode  power 


Figure  15:  Power  picked  up  from  a  3  V/m  field 

Due  to  the  wavelength  dependence  of  the 
antenna  aperture  the  power  picked-up  from  the 
field  decreases  with  20  dB  per  decade.  Part  of 
the  captured  power  is  converted  into  signals  that 
interfere  with  the  data  transfer  due  to  non-infinite 
balance  or  non-zero  transfer  impedance.  This 
electromagnetic  isolation  provided  by  the  design 
of  the  cable  is  expressed  by  its  coupling 
attenuation,  unbalance  attenuation  or  screening 
attenuation.  The  behaviour  of  coupling 
attenuation  versus  frequency  is  approximated  by 
the  limiting  curve  that  fits  very  closely  to  the 
recorded  values  for  the  balanced  cables.  The 
limit  curve  is  constant  up  to  100  MHz  after  which 
it  decreases  with  20  dB/decade.  It  gives  the 
relation  between  the  power  inside  the  cable  and 
the  maximum  power  of  the  radiating  currents 
outside  the  cable. 

Coupling  attenuation  limit  versu*  frequency 
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Figure  16:  Approximation  of  coupling  attenuation 
versus  frequency 
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To  find  the  power  induced  on  the  cable  the 
coupling  attenuation  provided  by  the  design  of 
the  cable  has  to  be  subtracted  from  the  power 
captured  by  the  cabling  set-up. 


R*c*lv*d  differential  mod*  pow*r 
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Figure  17:  Noise  induced  on  cables  with  different 
coupling  attenuation  by  3  V/m 


The  induced  noise  power  is  flat  from  100  MHz 
like  observed  in  the  radiating  immunity 
experiments  for  the  balanced  cables.  This  arises 
as  both  the  received  power  in  the  outer  circuit 
and  the  limit  curve  for  coupling  attenuation 
decrease  by  20  dB/decade. 

How  well  these  calculated  powers  induced  by  a 
field  of  3  V/m  on  the  different  cables  fits  the 
experimentally  recorded  values  is  presented  in 
next  clause. 


Correlation  between  both  test  methods 

In  the  second  clauses  of  this  chapter  it  was 
shown  that  the  incident  field  was  uniform  over  the 
cabling  set-up  but  not  constant.  However  when 
averaging  over  frequency  a  value  very  close  to  3 
V/m  was  obtained.  In  the  previous  clause  the 
induced  power  for  an  incident  field  of  3  V/m  on 
the  various  cables  were  calculated  for  the  outer 
circuit  of  the  cabling  set-up. 
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Figure  18:  Correlation  for  dual  foil  twisted  pair  cable 


Figure  19:  Correlation  for  unshielded  twisted  pair 
cable 
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Figure  20:  Correlation  for  coaxial  cable 

It  can  be  observed  that  the  values  vary  about  6 
dB  above  and  below  the  calculated  noise  power. 
This  is  acceptable  as  the  accuracy  of  coupling 
attenuation  and  the  incident  field  equals  6  dB. 
High  peaks  or  dips  occur  especially  at  those 
frequencies  where  the  average  field  is  extremely 
high.  For  instance  when  changing  the  amplifier  at 
200  MHz  the  average  field  is  1 .8  V/m  at  the  end 
of  the  frequency  range  of  the  first  amplifier 
whereas  9.0  V/m  at  the  beginning  of  the 
frequency  range  of  the  second  amplifier.  This 
generates  a  dip  just  below  200  MHz  and  a  peak 
just  above  200  MHz  on  all  graphs  above. 

Also  the  effect  of  approximating  the  coupling 
attenuation  versus  frequency  by  a  limit  curve  can 
be  observed  at  the  low  frequencies.  When 
looking  at  the  recorded  data  for  coupling 
attenuation  only  the  coaxial  cable  intersects  the 
limit  curve  below  100  MHz.  For  the  balanced 
cables  this  is  not  the  case  and  therefore  they  are 
lower  than  the  calculated  noise  power. 

A  more  precise  comparison  between  both  test 
methods  is  beyond  the  scope  of  this  paper.  This 
would  imply  taking  into  account  the  field 
distribution  over  the  cabling  set-up,  the  coupling 
attenuation  versus  frequency  (not  approximating 
it  by  a  limit  curve),  the  change  of  the  antenna 
gain  versus  frequency,  a  non-reflecting  ground 
plane  etc.  Nevertheless  satisfactory  agreement 
between  both  test  methods  is  found. 
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CONCLUSIONS 

Coupling  attenuation  can  be  considered  as  a 
conducted  emission  test  of  the  EMC 
performance.  However  shielding  effectiveness  in 
EMC  depends  on  frequency  and  distance  as  an 
electric  or  magnetic  field  in  the  neighbourhood  of 
a  device  does  not  necessary  radiate  in  the  far 
field.  To  that  aim  correlation  with  a  far  field  test 
like  radiated  immunity  tests  has  been 
investigated  for  three  cable  constructions:  A 
coaxial  cable  to  observe  the  effect  of  screen 
attenuation,  a  UTP  to  observe  the  effect  of 
unbalance  attenuation  and  a  FTP  (dual  foil)  to 
observe  the  combined  effect  of  screening 
attenuation  and  unbalance  attenuation. 

Using  both  test  methods  coupling 
attenuation  and  induced  power  for  an  incident 
field  of  3  V/m  was  measured.  The  disparity 
between  the  coupling  attenuation  of  the  different 
cables  was  equal  to  the  disparity  between  the 
induced  power  on  the  different  cables.  This 
applies  to  all  cable  constructions  over  the  entire 
frequency  range. 

Experimentally  it  was  observed  that  from 
100  MHz  the  coupling  attenuation  of  the 
balanced  cables  decreased  by  20  dB/decade 
whereas  the  coupling  attenuation  of  the  coaxial 
cable  was  fairly  independent  of  frequency.  For 
the  radiated  immunity  test  the  induced  power  on 
the  balanced  cables  was  independent  of 
frequency  whereas  on  the  unbalanced  cables 
decreased  by  20  dB/decade.  The  discrepancy 
between  both  test  methods  was  theoretically 


demonstrated  using  simple  antenna  theory.  This 
enabled  to  calculate  the  noise  power  caused  by  a 
field  *  with  an  arbitrary  field  strength  -  and 
induced  on  a  cable  -  with  an  arbitrary  coupling 
attenuation  if  the  characteristics  of  the  outer 
circuit  are  known.  So  both  relative  and  absolute 
agreement  is  found  between  both  test  methods. 
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Fig.  1:  Equivalent  circuit 


For  high  frequencies  the  asymptotic  value  be¬ 
comes: 


(3) 


(fit*  fit) -l 


And  for  low  frequencies  the  summing  function  be¬ 
comes: 


-»1 


(4) 


S  log  scale 


The  point  of  intersection  between  the  asymptotic 
values  for  low  and  high  frequencies  is  the  so 
called  cut-off  frequency  fc.  This  frequency  gives 
the  condition  for  electrical  long  cables: 


(5) 


where  er1i2  are  the  relative  dielectric  permittivity  of 
the  inner  and  the  outer  system  and  /  is  the  cable 
length. 


2.2  Coupling  transfer  function 

The  primary  screening  quantities  of  a  screen  are 
the  surface  transfer  impedance  ZT  and  the  capaci¬ 
tive  coupling  impedance  ZF  or  the  effective  trans¬ 
fer  impedance  ZTE  .  For  homogeneous  screens 
they  are  constant  along  the  cable  length.  The  inte¬ 
gration  along  the  cable  could  then  be  easily 
solved.  The  coupling  between  the  cable  and  the 


surrounding  could  then  be  expressed  by  the  cou¬ 
pling  transfer  function.  For  matched  lines  it  is  [1 ,2]: 
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Fig.  3:  Calculated  coupling  transfer  function 
(/ =  1  m;  Sri  =  2,3;  sr2  =  1 ,  ZF— 0) 

For  low  frequencies,  when  S=1,  the  coupling 
transfer  function  corresponds  to  the  frequency  be¬ 
haviour  of  the  surface  transfer  impedance  and  ca¬ 
pacitive  coupling  impedance.  After  a  rise  with  20 
dB  per  decade  the  coupling  transferfunction  shows 
different  cut  off  frequencies  fcn, f  for  the  near  and 
far  end.  Above  these  cut  off  frequencies  the  sam¬ 
ples  are  considered  as  electrical  long. 

Below  the  cut  off  frequencies  the  surface  trans- 
ferimpedance  ZT  is  the  measure  of  the  screening 
effectiveness.  The  value  of  the  transferimpedance 
ZT  increases  with  the  sample  length. 

Above  the  cut  off  frequencies  in  the  range  of  wave 
propagation,  resp.  in  the  range  where  the  samples 
are  electrical  long,  the  screening  attenuation  as  is 
the  measure  of  the  screening  effectiveness.  The 
screening  attenuation  is  a  length  independent 
quantity. 

Balanced  cables  which  are  driven  in  the  differen¬ 
tial  mode  will,  due  to  irregularities  in  the  cable 
symmetry,  radiate  a  part  of  the  input  power. 

For  unscreened  balanced  cables  this  radiation  is 
depicted  by  the  unbalance  attenuation  au.  For 
screened  balanced  cables  the  disturbing  power 
from  the  pair  is  additionally  attenuated  by  the  outer 
screen.  The  unbalance  causes  a  current  in  the 
screen  which  is  then  coupled  by  the  transfer  im¬ 
pedance  and  capacitive  coupling  impedance  into 
the  outer  circuit.  Consequently  the  total  effective¬ 
ness  against  electromagnetic  disturbances  of 
shielded  balanced  cable  is  the  sum  of  the  unbal¬ 
ance  attenuation  au  of  the  pair  and  the  screening 
attenuation  as  of  the  screen.  Since  both  quantities 
usually  are  given  in  a  logarithmic  ratio,  they  may 
simply  be  added  into  the  coupling  attenuation  ac. 


ac=au+as 


(7) 
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3  MEASUREMENT  PROCEDURES 

3.1  Triaxial  set-up  to  measure  the  surface 
transfer  impedance 

The  triaxial  procedure  to  measure  the  transfer- 
impedance  is  one  of  the  classical  methods  to 
measure  the  transferimpedance.  It  is  described  in 
IEC  61196-1  and  prEN  50289-1-6.  The  difference 
between  the  IEC  and  EN  method  is  the  inter¬ 
change  of  generator  and  receiver.  In  the  EN 
method  the  power  is  fed  into  the  cable.  The  bene¬ 
fits  of  feeding  the  inner  system,  which  is  termi¬ 
nated  by  its  characteristic  impedance,  are  the 
matching  of  the  generator  and  reflection  free  wave 
propagation  over  the  cable  length.  The  triaxial  test 
set-up  consists  of  a  tube  of  brass  or  aluminium 
with  an  inner  diameter  of  about  40  mm.  The  length 
is  0,5  m  to  1  m. 


1  generator  4  termination  load 

2  cable  under  test  5  measuring  receiver 

3  measuring  tube  L  coupling  length 

Fig,  4:  Principle  of  the  triaxial  set-up 


3.2  Line  injection  set-up  to  measure  the  surface 
transfer  impedance 

A  further  method  for  the  investigation  of  cable 
screens  is  the  line  injection  of  the  Swiss  PTT 
which  is  detailed  described  in  IEC  96-1  Amend¬ 
ment  2/1993. 


1  Networkanalyzer  5  cable  under  test 

2  attenuator  20  dB  6  adhesive  tape 

3  power  splitter  7  termination  load 

4  matching  pads  8  injection  wire 


Fig.  5:  Principle  of  line  injection  set-up,  far  end 
measurement 


The  injection  wire,  which  is  connected  to  the  RF- 
generator  injects  RF-energy  into  the  screen  of  the 
cable  under  test.  The  energy  which  is  coupled  into 
the  cable  under  test  is  measured  by  the  measuring 
receiver. 

The  transferimpedance  ZT  can  then  be  calculated 


by  the  logarithmic  ratio  AT  of  the  feeding  voltage 
U i  to  the  coupled  voltage  U2  to: 


where  AT  =  U2/U^ 

The  upper  frequency  limit  to  which  the  transfer¬ 
impedance  ZT  can  be  measured  depends  on  the 
length  of  the  test  section  of  the  cable  sample  and 
of  the  differences  in  the  velocities  of  propagation 
in  the  cable  and  the  outer  system.  Theoretical  the 
upper  frequency  limit  is  more  than  3  GHz  (see  eq. 
5).  In  practice  this  requires  a  well  matched  feeding 
system. 

3.3  Absorbing  clamp  set-up  to  measure  the 
screening  attenuation 

For  the  investigation  of  cable  screens  of  coaxial 
cables  in  the  higher  frequency  ranges,  the 
screening  attenuation  as  was  introduced  (in  the 
70ths  by  Spatz  and  others).  The  screening  at¬ 
tenuation  is  measured  with  absorbing  clamps  with 
the  measuring  set-up  according  to  IEC  61196-1 
clause  12.4.  An  absorbing  clamp  consists  of  a  cur¬ 
rent  transformer  and  a  number  of  ferrite  rings 
which  are  arranged  in  one  housing. 


1  Generator  4  Current  transformer 

2  Absorber  5  Termination  load 

3  Receiver  6  Cable  under  test 

Fig.  6:  Principle  test  set-up  with  absorbing  clamps, 
near  end  measurement 

The  screening  attenuation  as  is  the  logarithmic  ra¬ 
tio  of  the  maximum  radiated  power  P2max  to  the 
feeding  power  P )  of  the  cable: 

as  =  10  log  (Pi/P2max)  (9) 

The  generator  feeds  the  cable  with  RF-Power. 
With  the  current  transformer  of  one  clamp  the 
maximum  power  is  measured  while  the  other 
clamp  matches  the  outer  system  and  absorbs  dis¬ 
turbances  from  outside  the  measuring  length.  The 
maximum  power  P2max  in  the  outer  system  results 
from  the  near  and  far  end  measurement.  With  the 
now  available  absorbing  clamps  the  screening  at¬ 
tenuation  can  be  measured  up  to  2,5  GHz. 

3.4  Shielded  screening  attenuation  set-up  to 
measure  the  screening  attenuation 

A  new  development  to  measure  the  screening  at¬ 
tenuation  is  the  “Shielded  screening  attenuation” 
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test  method.  Although  the  principle  were  already 
described  in  the  60ths,  it  was  Breitenbach  who 
brought  this  idea  back  to  the  international  stan¬ 
dardisation  in  1990  [4,5].  That  measuring  proce¬ 
dure  is  in  principle  an  extension  of  the  well  known 
old  IEC  triaxial  method.  The  new  set-up  allows  the 
measuring  of  the  transferimpedance  ZT  and,  in  the 
frequency  range  of  electrical  long  cable  samples, 
the  measuring  of  the  screening  attenuation  as  in 
one  test  set  up.  The  procedure  is  standardised  in 
IEC  61196-1,  Amendment  1  and  also  in  prEN 
50289-1-6. 

Contrary  to  the  triaxial  method  of  IEC  61196-1  the 
generator  and  the  receiver  are  interchanged  and 
the  measuring  tube  is  extended  to  a  length  of  2m 
to  3m.  The  advantage  of  the  feeding  into  the 
matched  cable  under  test  (inner  system)  is,  beside 
the  screened  test  set-up,  the  matching  of  the  gen¬ 
erator  and  with  that  the  propagation  of  the  RF- 
energy  in  the  CUT  without  reflection. 


1  generator  4  termination  load 

2  cable  under  test  5  measuring  receiver 

3  measuring  tube  L  coupling  length 

Fig.  7:  schematically  arrangement  for  measuring 
the  screening  attenuation  as  and  the  transfer- 
impedance  ZT  with  the  Shielded  Screening  Meas¬ 
uring  set-up 

In  the  outer  circuit,  at  the  near  end  the  screen  un¬ 
der  test  is  short  circuited  with  the  measuring  tube. 
The  electrical  waves,  which  are  coupled  over  the 
whole  cable  length  from  the  inner  system  into  the 
outer  system,  are  travelling  in  both  directions,  to 
the  near  and  the  far  end.  At  the  short  circuited  end 
they  are  totally  reflected,  so  that  at  the  measuring 
receiver  the  superposition  of  near  and  far  end 
coupling  can  be  measured  as  the  disturbance  volt¬ 
age  ratio  U2/U The  screening  attenuation  as  a 
power  ratio  is  then  related  to  a  standardised  char¬ 
acteristic  impedance  of  the  outer  system  ZS=150Q. 

f  U  \  ( 2-Z  \ 

as  =  20 -log  — —  +10-log  - -  (10) 

\  max  J  \  ^1  J 

where  Z\  is  the  characteristic  impedance  of  the 
cable  under  test  and  Zs  is  1 50  fl 

3.5  Absorbing  clamp  set-up  to  measure  the 
coupling  attenuation  of  balanced  cables 

That  set-up  is  in  principle  the  same  as  the  ab¬ 
sorbing  clamp  set-up  to  measure  the  screening 
attenuation.  It  has  been  specially  adapted  in  order 
to  measure  the  coupling  attenuation  of  symmetric 
cables,  which  is  the  combined  result  of  unbalance 


attenuation  and  screening  attenuation  [6]. 


Fig.  8:  Test  set-up  for  the  coupling  attenuation  ab¬ 
sorbing  clamp  method 

4  FUTURE 


4.1  Coupling  attenuation,  injection  clamp 
method 

That  injection  clamp  method  is  based  on  the  same 
principle  as  the  absorbing  clamp  method  [7].  The 
difference  is,  that  the  power  is  fed  to  the  sur¬ 
rounding  of  the  cable  (outer  circuit),  via  the  injec¬ 
tion  clamp.  Also  the  outer  circuit  is  matched  to  150 
Q.  The  main  benefits  are,  that  the  injection  clamp 
make  it  possible  to  measure  down  to  100  KHz,  in¬ 
stead  of  30  MHz  as  in  the  absorbing  clamp 
method.  In  addition  the  injection  clamp  has  a 
about  15  dB  less  operational  attenuation  as  the 
absorbing  clamp.  Thus  a  about  15  dB  higher  dy¬ 
namic  range  is  achieved. 

This  procedure  is  an  approved  new  work  item  pro¬ 
posal  in  IEC,  (IEC  46/86/NP). 


termination- 


Fig.  9:  injection  clamp  set-up 

4.2  Coupling  attenuation,  Open  tube  method 

As  the  clamp  method  could  be  used  to  measure 
the  screening  and  coupling  attenuation  also  the 
triaxial  set-up  to  measure  the  screening  attenua¬ 
tion  can  be  extended  to  measure  the  coupling  at¬ 
tenuation.  Advantages  are  the  wide  frequency 
range,  the  high  dynamic  range  and  shielded  sur¬ 
rounding  of  the  sample  under  test  [8,9,10], 

The  procedure  is  given  to  IEC  TC  46  as  a  New 
work  item  proposal,  NWP. 

The  set-up  consist  of: 

V  A  metallic  non  ferromagnetic  tube  with  a  length 
sufficient  to  produce  a  superimposition  of 
waves  in  narrow  frequency  bands  which  enable 
the  envelope  curve  to  be  drawn. 
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V  A  signal  generator  with  the  same  characteristic 
impedance  as  the  cable  under  test. 

V  A  balun  for  impedance  matching  of  unbalanced 
generator  output  signal  to  the  characteristic  im¬ 
pedance  of  balanced  cables. 

V  A  receiver  with  a  calibrated  step  attenuator  or 
network  analyser. 

V  Ferrite  rings  with  an  attenuation  aFefrit>  10  dB  in 
the  measured  frequency  range. 

V  Metallic  boxes  to  shield  the  balun  and  the  re¬ 
maining  cable  length  including  the  matching  re¬ 
sistors 


Fig.  10:  Triaxial  set-up  to  measure  the  coupling 
attenuation 
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4.3  Measurement  of  Connectors 

An  other  procedure,  which  is  under  discussion  is 
the  screening  effectiveness  of  coaxial,  balanced 
and  multipin  connectors.  The  mechanical  length  of 
the  connectors  is  usually  short.  Therefore  in  the 
frequency  range  of  their  application  the  summing 
function  S=1.  Thus  only  the  transferimpedance 
may  be  measured.  Since  the  capacitive  coupling, 
specially  for  multipin  connectors,  can  not  be  ne¬ 
glected,  connectors  can  not  be  measured  in  a  set¬ 
up  with  a  short  circuit  at  one  end.  Based  on  the 
open  tube  method,  a  possible  test  set-up  is: 


Ferrites  ^ 

n  - 

n  £ 

§  E 

_  Connector  \ 

2T 

Ferrites  V^i/ 

T  I^J 

ESI  T 

CS1 

Ferrites  ^ - /  Ferrites 


Fig.  1 1 :  Principle  set-up  to  measure  the  transfer 
impedance  of  connectors 
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This  paper  serves  as  bases,  background  and 
introduction  to  better  understanding  of  the  work  done  in 
JEC  [1-3]  and  CENELEC  [4]  in  the  field  of  the 
electromagnetic  screening  of  cables,  cable  assembly 
and  connecting  hardware. 


1.  GENERAL 

With  widening  bandwidth,  increasing  use  and  demand 
of  high  security,  the  EMC  capabilities  of  metallic 
communication  access  cablings  (cables,  cable  assemblies 
and  connecting  hardware)  have  become  of  vital 
importance. 

On  cables  and  cable  assemblies  most  of  the  test 
methods  have  been  agreed  upon.  There  is  a  big 
difference  between  screening  and  coupling  limits  of 
coaxial  and  symmetrical  cables.  For  the  time  being  there 
are  no  screening  limits  for  mounted  coaxial  connectors 
and  the  limits  for  screened  symmetrical  connectors  are 
very  loose  compared  with  the  limits  needed  for  coaxial 
connectors  and  their  mounting  to  the  cable. 

To  describe  the  EMC  properties  of  screened  (shielded) 
and  unscreened  (unshielded)  constructions  many 
parameters  have  been  defined.  They  can  be  divided  in 
primary  and  secondary  parameters. 


2.  PRIMARY  PARAMETERS 

Outside  electromagnetic  fields  induce  currents  into 
metallic  screens  which  couple  through  screen  resistivity, 
openings  and  anomalies,  as  cable  screen  currents 
flowing  in  a  spiral,  the  electromagnetic  fields  to  inside 
the  screen.  Measures  of  the  screening  quality  of  a  screen 
are 


•  Surface  Transfer  Impedance  (ZT)  and 


•  Capacitive  Coupling  Impedance  (ZF) 
or  combined  to 

•  Effective  Transfer  Impedance  (ZTE) 

2.1  Surface  Transfer  Impedance  Tfi 

The  surface  transfer  impedance  ZT  [Q  ]  of  an 
electrically  short  screen  is  defined  as  the  quotient  of  the 
longitudinal  voltage  induced  to  the  inner  circuit  by  the 
current  fed  into  the  outer  circuit  or  vice  versa.  ZT  of  an 
electrically  short  screen  is  expressed  in  ohms  [Q]  or 
decibels  in  relation  to  IQ. 


2.2  Capacitive  Coupling  Impedance  ZF 

The  capacitive  coupling  impedance  ZF  [Q]  of  an 
electrically  short  screen  is  defined  as  the  quotient  of 
the  voltage  induced  to  the  near  end  impedance  Z,  of  the 
inner  system  (open  at  the  far  end)  by  a  current  I2  fed  to 
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the  far  end  termination  Z2  of  the  outer  circuit  (see  fig.  2) 
to  the  current  I2. 


Zp=T~T (3) 


I,  Hi  H 

Z, 


Yr  =  — —  =  j  coC-r 

c  u,  T 


ZF  [dB(Q)]  =  +20  log, 


( 1  *7 


|Z 


vlQy 


(4) 

(5) 


Yc  is  the  capacitive  coupling  admittance  and 
CT  is  the  through  capacitance 


2.3  -Effective  Surface  -Transfer  Impedance 


The  Effective  transfer  impedance  ZTE  [Q]  is 
defined  as  maximum  absolute  value  of  the  sum  or 
difference  of  the  ZF  and  ZT  at  every  frequency. 

ZTE  =  max|ZF  ±ZT|  (6) 


ZTE  [dB(Q)]  =  +20 -log. 


t  TE I 

IQ 


(7) 


The  recommended  limits  for  ZT  and  ZF  are  the  same. 
They  are  behaving  as  the  inductive  and  capacitive 
couplings  in  the  crosstalk  of  symmetrical  pairs,  adding 
towards  the  near  end  and  subtracting  towards  the  far 
end. 


2.4  Unbalance  Coupling  Impedance  to  Ground  and 
Surroundings  (1/e)  [6] 


1 

r  n 

e(z) 

UcJ 

^ Zc  e(z)y 

Fig.  3.  Equivalent  circuit  to  define  the 

unbalance  attenuation  aun  of  a  symmetrical  pair. 
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and  the  dimensions  are  electrically  short. 


‘  is  the  unbalance  coupling  impedance,  which  is  a 
e(z) 

function  of  the  length  coordinate  z. 

The  unbalance  attenuation  is  for  electrically  short 
lengths 


“"■20,O8”f'20'O8”Tf#r(10) 


=  20  logl0 
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3.  SECONDARY  SCREENING  PARAMETERS 


3.1  General  [5] 


For  measurement  of  couplings  it  is  practical  to  define  a 
general  coupling  transfer  function,  as  the  square  root  of 
power  measured  related  to  the  unreflected  square  root  of 
power  sent  into  a  system. 


In  cable  techniques  it  is  distinguished  between  near  and 
far  end  coupling  transfer  functions  Tn  and  7}. 


T’l-.f  = 


(11) 


and  expressed  as  complex  coupling  attenuation  in  dBs 
and  radians 


T'n.r  ~  4„  r  +  jBn  t 


(12) 


=  -201ogIO|rnf|  [dB]- j  arg(fnr)  [rad] 


Fig.  4.  Definition  of  coupling  transfer  function  (T,,^) 


In  cables  the  disturbance  caused  by  couplings  have  to 
be  integrated  towards  the  far  and  near  end  respectively. 
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The  summing  functions  achieved  are  of  the  form 
(sin  x)/x  and  their  envelopes  are 

(13) 


where  the  cut-off  points  are 


c  =  velocity  of  light 

Er i  and  £ti  =  relative  permittivities  of  the  inner 
and  outer  system 


Figure  5.  The  summing  function  S’c.f  for  near  (n)  and 
far  ( f)  end  coupling.  (/  f)  c :  cut-off  point. 
NOTE  -  Sr>Sn  above  near  end  cut-off, 
yielding  a  directive  effect 

At  lower  frequencies  S  is  1 ,  but  above  a  certain  comer 
frequency  fc,  S  decreases  6dB/octave.  The  comer 
frequency  is  different  for  the  near  and  far  end. 

Because  at  higher  frequencies  ZT  and  ZF  are  increasing 
6dB/octave  the  result  is  a  constant  screening  attenuation 

3.2  Screening  Attenuation  [4] 

Screening  attenuation  (as )  is  defined  as  quotient  of  the 
square  root  of  power  sent  into  coaxial  system  to  the 
maximum  square  root  of  power  travelling  either  to  near 
or  far  end  of  the  outer  system. 


=  20  •  log10 


2  jzgT 

ZT£  £  S  ^ 


3.2.1  Screening  attenuation  of  connector  screens 

It  is  practical  to  define  connectors’  screening 
effectiveness  by  measuring  their  effective  transfer 
impedance  ZTE.  Nevertheless,  customers  like  screening 
attenuation  in  dBs.  To  be  able  to  talk  about  screening 
attenuation  of  connectors  the  surroundings  must  be 
agreed  upon.  It  is  suggested  to  use  the  same 


standardised  surroundings  as  for  cables,  i.e.  a  terminated 
outer  150  ohms’  system  (2). 


Normally  connectors  can  be  regarded  electrically 
short  up  to  a  few  GHz.  This  means  that  the  summing 
function  is  about  1 . 


Fig.  6.  Schematic  drawing  for  definition 

of  the  screening  attenuation  of  a  connector 


x 


Connector  screen  with 
cable  screen  mountings 


Fig.  7.  Equivalent  circuit  to  define  the  screening 
attenuation  of  a  connector  screen 

In  the  above  Fig.7  the  square  root  of  power  is 
propagating  in  the  outer  system.  Through  connectors 
screens’  effective  transfer  impedance  two  in  opposite 
directions  traveling  waves  are  generated  into  the  inner 
system  (2).  The  screening  attenuation  of  the  connector 
is 


Fig.  8.  Schematic  practical  arrangement  for 
measurements  of  surface  transfer 
impedances  of  connector  screens 


3.3  Screening  attenuation  test  results’  dependency  on 
measuring  set-up 

As  it  can  be  seen  from  the  Eqs  above  the  screening 
attenuation  is  very  much  dependent  on  the  velocity 
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difference  of  the  outer  and  inner  system.  A  velocity 
difference  change  from  40%  to  10%  decreases  the 
screening  attenuation  with  about  10  dB. 

3.4  Coupling  attenuation  (4) 

Coupling  attenuation  has  been  devoted  to  describe  the 
screening  effectiveness  of  symmetrical  pair  cables.  It 
consists  of  two  parts,  unbalance  attenuation  and 
screening  attenuation.  A  considerably  good  coupling 
attenuation  is  achieved  by  a  careful  balanced 
construction  of  a  twisted  pair  cable,  in  the  order  of  50 
dB  up  to  100  MHz  and  then  decreasing  maximum  6 
dB/octave.  If  more  screening  is  needed  a  metallic  screen 
should  be  added  around  the  individual  pairs. 

The  coupling  attenuation  ac  is  equal  to  unbalance 
attenuation  aun  plus  screening  attenuation  as. 

o.l  100  200  300  *MHz 


Fig.  9.  Curves  of  unbalance  screening  attenuation, 

coupling  attenuation  and  calculated  unbalance  of 
a  screened  twisted  pair  (Twinax  105).  [8  /Figl3] 

ay  :  measured  unbalance  attenuation  (far  end) 
as :  measured  screening  attenuation  (common  mode) 
ac  :  measured  coupling  attenuation  (differential  mode) 
ac  -max(as ):  calculated  unbalance  attenuation 

In  the  above  Fig.  9  is  with  measurements 
demonstrated  that  the  difference  between  ac  and  as 
equals  the  unbalance  attenuation.  Care  should  be  taken 
that  a  balanced  cable  has  a  sufficient  amount  of  balance 
when  fulfilling  the  coupling  attenuation  specification  so 
that  the  whole  coupling  attenuation  does  not  come  from 
the  screening  attenuation. 

4.  LIMITS  AND  TEST  RESULTS 

In  the  Fig.  10  are  marked  by  points  the  screening  limit 
values  of  a  foil-braid  screened  CATV  cable,  foil 
screened  data  cable  and  screened  CAT  7  connector. 
Characteristic  is  the  big  difference  between  the  transfer 
impedances  of  screened  balanced  components  and  the 
coaxial  cable.  The  difference  is  about  two  decades  in  the 
higher  frequency  range,  corresponding  to  over  40  dB  in 
screening  or  coupling  attenuation.  Fig.  1 1  the  screening 
attenuation  calculated  from  Fig.  10  transfer  impedance 
values  are  shown.  Observe  the  behavior  of  the  short 
connector  screen  and  long  cable  screen.  The  connector 


summing  function  is  1  and  the  cable  summing  function 
is  decreasing  6  dB/octave,  which  explain  the  behavior. 


Fig.  10.  Transfer  impedance  limits  and  ZT  and  ZF  of  a 


20  mm  open  screen  (screen  consists  of  one 
wire) 


Fig.  11.  Coupling  and  screening  attenuation  in  dB 

In  the  following  Figs  are  shown  typical  measured 
and/or  calculated  screening,  coupling  and  unbalance 
attenuation  test  results.  [8] 


Fig.  12.  Screening  attenuation  of  RG  58  measured  with 
the  common  and  modified  triaxial  set-up; 
logarithmic  frequency  scale.  [8  /Fig.  1 1  a] 
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Fig.  13.  Coupling  attenuation  of  a  common  Cat  6  cable, 
coupling  length  207  cm;  logarithmic  frequency 
scale.  [8  /  Fig.  12a] 


MHz 


Fig.  14  Calculated  coupling  transfer  function  for  a 

capacitive  unbalance  coupling  of  e(z)  =  0,4  pF/m 
+  random(-0,4  up  to  +  0,4  pF/m),  length  =100  m, 
epsilon(l)  =  epsilon(2)  =  2,3  .  [9  /Fig.  9] 


Fig.  1 5  Measured  coupling  transfer  function  of  100  m 
Twinax  105  ohm.  [9  /Fig.2] 
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The  electrical  and  physical  characteristics  of  an 
elongated  (30  meter  length),  resonant,  cylindrical  test 
fixture  (triaxial)  with  a  low-end  test  frequency  limit 
which  is  less  than  5  MHz  are  described.  The  fixture  is  in 
accordance  with  the  principles  of  the  shielded  screening 
attenuation  test  method  given  in  IEC  61196-1 
amendment  1.  Measured  screening  attenuation,  and 
measured  and  extrapolated  transfer  impedance  results 
for  a  selection  of  braid  and  multi-foil/braid  shield 
designs  are  presented. 

1.  INTRODUCTION 

The  shielded  screening  attenuation  test  method  is  being 
standardized  in  IEC  61196-1  [1],  prEN  50289-6  and  the 
SCTE  test  method  IPS-TP-403B2  [2],  As  originally 
conceived  the  test  was  applied  to  relatively  short  length 
copper  coaxial  cables  and  involved  a  resonant  test 
fixture  length  of  1-3  meters  [3],  The  low  end  test 
frequency  limit  is  primarily  determined  by  fixture 
length,  among  other  variables,  and  consequently  is  on 
the  order  of  50-100  MHz.  The  upper  end  test  frequency 
limit  is  primarily  determined  by  the  TEM  mode  cut-off 
frequency  and  is  on  the  order  of  3-6  GHz  depending  on 
cable  and  fixture  physical  dimensions. 

A  complete  test  system  is  available  commercially  [4] 
and  test  fixture  implementations  involving  standard 
commercially  available  components  for  a  maximum 
fixture  length  of  6.7  meters  have  been  reported  [5,6], 
However  a  6.7  meter  length  is  good  for  measurements 
down  to  about  20  MHz  and  a  30  meter  length  is 
required  to  arrive  at  about  5  MHz. 

Development  of  such  a  long  test  fixture  was  undertaken 
to  support  applications  such  as  CATV  return  path  and 
data  I/O  and  has  been  encouraged  in  IEC  TC  46AVG5. 
Furthermore,  a  direct  method  for  measuring  screening 
attenuation  at  low  frequencies  is  of  interest  for 
confirming  extrapolation  rules  based  on  short  fixture 
high  frequency  measurements  of  transfer  impedance. 
Another  application  for  the  fixture  is  evaluation  of 
shield  longitudinal  structural  uniformity  or  lack  thereof. 
The  chief  drawback  to  such  a  fixture  is  it’s  very  length. 
This  issue  has  been  resolved  by  mounting  the  fixture  in 
overhead  space  along  a  seldom-used  long  corridor. 


Another  consideration  was  cost.  However,  standardized 
rigid  transmission  line  hardware  was  found  to  provide 
an  economical  solution  [7,8]. 

2.  TEST  FIXTURE  DESIGN 

The  test  fixture  is  outlined  in  figure  1.  The  main 
components  are  five  sections  of  six  meter  length,  76.5 
mm  diameter  rigid  transmission  line  segments  (without 
center  conductor)  which  are  cascaded  together  with  gas 
tight  coupling  flanges. 


Dielectric  tube  support 
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Low  loss  dielectric  material  is  used  to  support  the 
sample  under  test.  Due  to  availability/time  constraints 
the  dielectric  tube  support  was  implemented  in  1.8 
meter  lengths.  This  compromise  created  physical  and 
electrical  nonuniformities  that  are  acceptable  for  the  low 
frequency  measurements  but  are  less  reliable  for 
measurements  above  about  20  MHz. 

An  end  plate  closes  the  housing  at  one  end  and  an  end 
cap  encloses  the  other.  A  feed-through  connector  is 
mounted  in  the  center  of  the  end  plate.  The  end  cap  is 
fitted  with  a  50-ohm  type  N  feed-through  connector. 
The  center  pin  of  the  N  feed  through  connects  into  one 
end  of  an  anchor  connector.  The  sample  termination 
shield  consists  of  a  split  anchor  connector  that  is  mated 
to  the  end  cap  anchor  connector.  One  side  of  the  split 
anchor  connector  is  fitted  with  a  feed-through  connector 
and  the  mated  pair  encloses  and  shields  the  cable 
sample  termination.  This  arrangement  provides  for 
terminating  the  cable  sample  under  test  with  a  shielded 
resistive  load  and  for  connecting  the  shield  to  the  center 
pin  of  the  N  feed  through. 

The  cable  sample  under  test  is  fitted  with  a  plug  type 
connector  at  each  end  and  is  connected  between  the 
feed-through  connectors  respectively  located  in  the  end 
plate  and  the  split  anchor  connector. 

3.  ELECTRICAL  CHARACTERISTICS 

The  shield  of  the  cable  under  test  defines  the  boundary 
between  the  two  electrical  regions  within  the  fixture;  the 
resonant  region,  which  is  located  between  the  rigid 
transmission  line  cylindrical  housing  and  the  cable 
sample  shield,  and  the  cable  sample.  The  diameter  ratio 
of  the  housing  and  sample  shield  diameters  is  important 
for  determining  the  impedance  and  percent  velocity  of 
the  resonant  region,  which  are  approximately  150  Q  and 
90  %  respectively. 

Figure  2  gives  the  return  loss  of  the  resonant  chamber 
measured  at  the  end  cap.  Shown  are  results  for  a  6.7 
meter  long  fixture  previously  reported  [6]  and  the 
prototype  30  meter  long  fixture.  Nonuniformity  due  to 
the  tube  dielectric  and  flange  mismatch  are  evident  in 
the  30  meter  results. 


4.  DESCRIPTION  OF  SAMPLES  TESTED 

Several  constructions  of  RG-6  type  and  RG-59  type 
coaxial  cable  were  tested  and  are  designated  #’s  1-4. 
(#1  is  RG-59  type  and  #’s  2-4  are  RG-6  type  cables). 
The  details  are  given  in  tables  1  and  2. 


TABLE  1. 

Cable  Shield  Design  Data 


# 

Foil 

(inner) 

Braid/ 

Angle 

(inner) 

Foil 

(outer) 

Braid 

Angle 

(outer) 

Shield 

DCR 

mO/ra 

1 

- 

95%  b.  c. 
/23° 

- 

- 

9 

2 

a 

60%  Ai 

21° 

- 

- 

31 

3 

a 

80%  Al 

I2T 

b 

- 

15 

4 

a 

60%  Al 

121° 

a 

40%  Al 
120° 

17 

TABLE  2. 

Shielding  Tape  Design  Data 


Layer  Thickness  (mm) 

Foil 

Type 

Al  Foil 

Polyester 

Al  Foil 

Width 

(mm) 

a 

.00889 

.02286 

.00889 

19.05 

\  b 

.0254 

.02286 

25.4 

5.  TEST  PROCEDURE 


5.1  Screening  attenuation 

The  shielded  screening  attenuation  test  is  closely 
related  to  the  absorbing  clamp  test.  With  both  of  these 
methods  the  sample  under  test  is  energized  and  a  signal 
which  is  proportional  to  the  resulting  leakage  field  is 
measured.  However,  with  the  shielded  screening 
attenuation  method,  the  leakage  field  is  contained  or 
shielded  within  a  cylindrical  metallic  tube. 

The  equipment  setup  is  given  in  figure  3  and  the 
equipment  is  listed  in  table  3. 


30  m  Test  Fixture  (5  x  6m) 


Figure  2.  Return  Loss  of  Test  Fixture 


Figure  3.  Test  Equipment  Setup 
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Screening  attenuation  is  derived  from  the  difference  in 
power  levels  (insertion  loss)  between  the  end  plate 
(energized  sample)  and  the  end  cap  (chamber). 

TABLE  3. 

Test  Equipment 


Network  Analyzer: 

HP8753ES,  +10dBm,  10  Hz  res,  bandwidth 
Power  Splitter: 

HP1  1850C,  9.5  dB  loss  nominal,  DC-3  GHz 
Matching  Pad: 

HP11852B,  5.7  dB  loss  nominal,  DC-2  GHz 
Power  Amplifier: 

HP8347A,  25  dB  gain  nominal,  100  kHz-3  GHz 
Resistive  Termination  on  sample  under  test: 

75E>  type  F  for  CATV  applications 


The  measured  power  ratio  is  normalized  with  the 
following  formula.  The  screening  attenuation  curve  is 
then  obtained  by  drawing  the  envelope  (not  shown) 
formed  by  connecting  the  resonant  peaks  in  the  power 
ratio  versus  frequency  plot. 


+ 10  log, 


2Zr 


+  20  log, 


1-  — 


Where: 

an=  normalized  screening  attenuation  (decibels). 

«meas=  measured  screening  attenuation  of  sample  in 
normalized  and  calibrated  setup  (decibels). 

Z,  =  impedance  of  cable  under  test  (ohms). 

Zs=  normalized  impedance  of  screening  attenuation 

fixture  (150  ohms). 

£,  =  relative  dielectric  permittivity  of  cable  under  test. 

e2=  relative  dielectric  permittivity  of  the  environment  of 

the  cable. 

£3  =  relative  dielectric  permittivity  of  screening 

attenuation  fixture  outer  circuit  with  respect  to  a 
10%  velocity  difference. 


6.  TEST  RESULTS 
6.1  Screening  attenuation 

Screening  attenuation  results  are  plotted  in  figures  4,5 
and  6.  In  figure  4  the  lowest  frequency  peak  is  at  about 
4  MHz  whereas  in  figure  5  the  corresponding  peak  is  at 
about  20  MHz. 

Figure  6  shows  the  effect  of  test  chamber 
nonuniformities  around  30  MHz  and  70  MHz. 


Frequency  -  MHz 


Figure  4.  Screening  Attenuation;  30  meter  fixture 
3  samples  each  cable  type 


0  20  40  60  80  100 

Frequency  -  MHz 


Figure  5.  Screening  Attenuation;  6.7  meter  fixture 


5.2  Transfer  impedance 

The  transfer  impedance  was  measured  on  a  short 
sample  length  using  a  triaxial  fixture  in  accordance  with 
IEC  61196-1.  The  measurement  utilized  a  similar  setup 
as  for  screening  attenuation,  however  the  fixture  is 
driven  at  the  end  cap  connector.  Transfer  impedance 
was  determined  with  the  following  basic  formula: 


Z,= 


100  -  rsaj 20 


21 


10n 


Frequency  -  MHz 


Here  ax  is  the  measured  power  ratio  and  1  is  the  length. 


Figure  6.  Sfereeniag,  Attenuation;  30  meter  fixture 
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6.2  Transfer  impedance 


7.  CONCLUSION 


Transfer  impedance  results  are  shown  on  linear  and 
logarithmic  scales  respectively  in  figures  7  and  8. 


Frequency  -  MHz 


Figure  7.  Transfer  Impedance;  linear  frequency  scale 


Screening  attenuation  measurements  down  to  5  MHz 
are  feasible  provided  the  facility  exists  for  a  very  long 
triaxial  test  fixture  (about  30  meters).  The  investment  in 
hardware  is  relatively  small. 

Work  with  the  prototype  fixture  has  demonstrated  the 
importance  of  maintaining  uniform  transmission  line 
characteristics  in  the  test  chamber.  Improvements  to 
overcome  these  limitations  are  planned. 

The  measured  data  for  the  foil/braid  shielded  designs 
shows  the  frequency  dependence  of  screening 
attenuation  below  about  100  MHz  and  this  is 
particularly  noted  below  20  MHz. 

Work  is  continuing  to  assess  the  correlation  of  measured 
transfer  impedance  on  short  samples  (28  cm)  with  the 
measured  screening  attenuation  of  long  samples  (30 
meters). 
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Figure  8.  Transfer  Impedance;  log  frequency  scale 

6.3  Transfer  Impedance  Correlation 

Table  4  compares  the  measured  transfer  impedance 
and  the  extrapolated  (from  measured  screening 
attenuation)  transfer  impedance  for  the  four  lowest  peak 
frequencies. 

Column  A  corresponds  to  the  measured  transfer 
impedance,  and  column  B  corresponds  to  the 
extrapolated  transfer  impedance. 

Table  4. 


Transfer  Impedance  Correlation 


Cable  # 

1 

2 

3 

Peak  #. 

A 

B 

A 

B 

A 

B 

1 

26.3 

9.4 

26.4 

6.0 

1.7 

0.4 

2 

42.1 

11.1 

21.0 

3.6 

0.6 

0.1 

3 

57.0 

13.1 

19.7 

3.1 

0.4 

0.1 

4 

66.5 

12.0 

18.4 

3.2 

0.3 

0.1 
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This  paper  concerns  the  future  developments  of 
standardisation  of  coupling  attenuation.  After  the 
assumed  approval  of  the  coupling  attenuation  test 
method  for  cables  in  July  2000  work  will  be  continued 
to  extend  the  method  to  cover  patch  cords,  connecting 
hardware,  and  cable  assemblies  as  both  laboratory  and 
in-field  measurements.  Principles,  problems  and  time 
scale  for  completion  of  work  are  discussed. 


1.  GENERAL 

The  coupling  attenuation  test  method  lias  got  very  high 
international  attention  as  this  parameter  is  a  key  to  allow 
comparative  identification  of  electromagnetic 
performance  for  both  screened  and  unscreened 
components.  As  an  example  unscreened  balanced  cable 
standards  from  CENELEC  for  years  could  not  be 
prepared  until  the  introduction  of  coupling  attenuation. 
Before  then  international  agreement  about  the 
electromagnetic  performance  of  unscreened  cables  for 
high  speed  applications  could  not  be  reached. 
Unscreened  balanced  cable  standards  in  tire  CENELEC 
EN  50288-X-Y  series  will  now  soon  be  published  and 
contain  minimum  coupling  attenuation  requirements  for 
different  types  of  cables.  The  requirements  have  been 
proposed,  but  the  test  method  has  not  yet  been  agreed. 
This  test  document,  CENELEC  EN  50289-1-6,  is  now 
out  for  its  final  3  months  approval  process  and 
agreement  is  expected  in  July  2000. 

The  CENELEC  standardisation  committee  TC  46X 
has  stressed  its  great  interest  in  coupling  attenuation 
also  as  a  test  method  for  components  other  than  cables. 
At  their  March  meeting  its  Working  Group  3  was  urged 
to  continue  to  prepare  test  standards  for  patch  cords, 
connecting  hardware  and  cable  assemblies  as  fast  as 
possible  after  the  positive  conclusion  of  the  cable  test 
voting  process.  This  work  is  presently  put  on  hold,  but 
the  basic  principles  of  the  test  method  for  patch  cords, 


connecting  hardware  and  laboratory  measurements  of 
cable  assemblies  have  already  been  discussed  in 
Working  Group  3.  Only  the  in-field  cable  assembly  test 
method  has  not  yet  been  treated. 

The  future  coupling  attenuation  test  standards  will  be 
published  in  the  CENELEC  EN  50289-1-X  series.  It  is 
expected  that  the  CENELEC  standards  after  agreement 
also  will  be  issued  as  DEC  standards. 


2.  PATCH  CORDS 

The  coupling  attenuation  test  method  for  patch  cords 
is  the  first  standard  to  be  developed  after  the  agreement 
of  the  cable  test  method. 

Patch  cords  are  cables  terminated  with  connectors  in 
one  or  both  ends.  The  length  of  the  cables  may  vary 
from  below  one  metre  to  more  than  10  metres. 
Compared  with  the  cable  specification  the  special  issues 
to  be  addressed  by  the  patch  cord  standard  are  therefore: 

•  Two  adaptor  cables,  each  with  mating  connector 
(test  head),  are  needed  to  terminate  the  patch  cord 
with  the  signal  generator  and  the  far  end  cable. 

•  The  two  ends  of  tire  patch  cords  may  have  different 
connectors  and  also  very  different  coupling 
attenuation  values. 

To  cover  these  two  special  points  the  test  method  is 
proposed  to  be  based  on  the  cable  test  method  of  EN 
50288-1-6  with  the  following  two  modifications: 

•  The  coupling  attenuation  of  the  test  heads  and 
adaptor  cables  must  be  verified  in  order  to  know  the 
maximum  coupling  attenuation  that  can  be 
measured  for  tire  patch  cord  in  question.  Selection 
of  adaptor  cables  and  test  heads  should  of  course  be 
optimised  in  order  to  allow  the  highest  possible 
patch  cord  measurement.  Also  the  nature  of  the 
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adaptor  cables  must  be  the  same  as  for  the  cable  of 
the  patch  cord.  For  instance  unscreened  balanced 
cable  and  test  heads  must  be  used  for  unscreened 
balanced  patch  cords.  Coupling  attenuation  of  patch 
cords  can  never  be  measured  better  than  the 
coupling  attenuation  of  test  heads  and  adaptor 
cables. 

•  The  measurement  is  performed  using  a  fixed 
position  of  the  absorbing  clamp.  This  means  that 
measurement  of  the  two  ends  of  a  patch  cord  is 
performed  by  reversing  the  patch  cord  in  the  test 
set-up  and  not  by  performing  a  near  end  and  far  end 
measurement  (as  done  for  the  cable  measurement). 
It  will  be  necessary  to  use  different  lengths  of 
adaptor  cables  in  the  two  reversed  measurements  if 
tire  connectors  in  the  two  ends  of  the  patch  cables 
are  not  the  same. 

A  likely  procedure  would  be  to  place  the  absorbing 
clamp  close  to  the  test  head  in  either  the  near  or  far  end 
(to  be  specified  by  the  standard)  and  with  the  absorbers 
six  metres  from  tire  absorbing  clamp.  The  absorbers  arc 
then  placed  on  the  patch  cord  itself  or  on  the  far  end 
cable  for  patch  cords  shorter  than  six  metres. 

In  every  other  respect  the  cable  test  procedure  can  be 
applied. 


3.  CONNECTING  HARDWARE 

The  coupling  attenuation  test  method  for  connecting 
hardware  is  the  second  standard  to  be  developed. 

Connecting  hardware  does  not  include  the  mating 
connector  part.  Compared  with  the  cable  specification 
the  special  issues  to  be  addressed  by  the  connecting 
hardware  standard  are  therefore: 

•  Two  adaptor  cables  without  or  with  mating 
connector  (patch  cord)  are  needed  to  terminate  the 
connecting  hardware  with  the  signal  generator  and 
the  far  end  cable. 

•  The  two  ends  of  the  connecting  hardware  may  have 
different  connectors  or  even  just  a  direct  cable 
termination. 

To  cover  these  two  special  points  the  test  method  is 
proposed  to  be  based  on  the  cable  test  method  of  EN 
50288-1-6  and  the  patch  cord  test  method  discussed 
above  with  the  following  two  modifications: 

•  The  coupling  attenuation  of  any  patch  cords  and/or 
adaptor  cables  must  be  verified  in  order  to  know  the 
maximum  coupling  attenuation  that  can  be 
measured  for  the  connecting  hardware  in  question. 
Selection  of  adaptor  cables  and  patch  cords  should 
of  course  be  optimised  in  order  to  allow  the  highest 
possible  connecting  hardware  measurement.  Also 
the  nature  of  the  adaptor  cables  and  patch  cords 
must  be  the  same  as  for  the  connecting  hardware. 
Coupling  attenuation  of  connecting  hardware  can 


never  be  measured  better  than  lire  coupling 
attenuation  of  patch  cords  or  adaptor  cables. 

•  Like  for  the  patch  cords  the  measurement  is 
performed  using  a  fixed  position  of  the  absorbing 
clamp.  It  will  be  necessary  to  use  different  lengths 
of  adaptor  cables  or  patch  cords  for  the  two 
reversed  measurements  if  the  connectors  in  the  two 
cuds  of  the  connecting  hardware  arc  not  the  same. 
This  is  a  normal  situation  when  measuring  balanced 
connecting  hardware. 

A  likely  procedure  would  be  to  place  the  absorbing 
clamp  close  to  the  connecting  hardware  in  either  the 
near  or  far  end  (to  be  specified  by  the  standard)  and 
with  the  absorbers  on  the  far  end  cable  six  metres  from 
the  absorbing  clamp. 

In  every  other  respect  the  cable  test  procedure  can  be 
applied. 

Presently  a  test  method  based  on  the  above  described 
principles  has  been  included  in  the  proposed  IEC 
specification  for  connectors  to  be  used  in  cabling 
according  to  the  ISO/IEC  IS  1 1801  and  CENELEC  EN 
50173  specifications. 


4.  LABORATORY  MEASUREMENTS  OF  CABLE 
ASSEMBLIES 

The  coupling  attenuation  laboratory  lest  method  for 
cable  assemblies  is  the  third  standard  to  be  developed. 

Cable  assemblies  include  combinations  of  connecting 
hardware,  patch  cords  and/or  cables.  Common  specific 
examples  of  cable  assemblies  arc  links  and  channels  as 
defined  in  CENELEC  EN  50173  and  ISO/IEC  IS 
11801.  Compared  with  the  cable  specification  the 
special  issues  to  be  addressed  by  the  cable  assembly 
laboratory  testing  standard  arc  therefore: 

•  A  way  to  identify  the  “sum”  of  the  coupling 
attenuation  of  all  included  components  must  be 
established 

•  Two  adaptor  cables  without  or  with  mating 
connector  (patch  cord)  may  be  needed  to  terminate 
the  cable  assembly  with  the  signal  generator  and 
the  far  end  cable. 

To  cover  these  two  special  points  the  test  procedure  is 
proposed  to  be  based  on  the  cable  test  method  of  EN 
50288-1-6  and  the  patch  cord  and  connecting  hardware 
test  methods  discussed  above  with  the  following  two 
modifications: 

•  The  coupling  attenuation  of  any  adapting  patch 
cords  and/or  cables  must  be  concluded  in  order  to 
know  the  maximum  coupling  attenuation  that  can 
be  measured  for  the  connecting  hardware  in 
question.  Preferably  selection  of  any  adaptor  cables 
and  patch  cords  should  be  made  from  the  same 
components  as  being  part  of  the  cable  assembly 
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under  test.  Alternatively  their  coupling  attenuation 
must  be  optimised  in  order  to  allow  for  the  highest 
possible  connecting  hardware  measurement. 

•  Tire  measurement  of  a  cable  assembly  is  carried  out 
as  individual  measurements  of  all  its  components, 
i.e.  every  type  of  mated  connecting  hardware  and 
cable.  The  absorbing  clamp  is  moved  to  the 
different  key  positions  of  the  cable  assembly  which 
means  to  both  sides  of  every  connecting  liardware 
type  and  on  every  cable  type. 

•  The  cable  assembly  should  be  terminated  to  the 
signal  generator  through  adaptor  cables  or  patch 
cords  being  of  the  same  type  as  used  in  the  cable 
assembly  in  question.  If  this  is  not  possible  other 
adaptor  cables  or  patch  cords  may  be  used,  but  their 
coupling  attenuation  will  define  the  maximum 
value  that  can  be  measured. 

A  likely  procedure  would  be  to  connect  the  cable 
assembly  to  the  signal  generator  and  carry  out  the 
measurement  of  each  component  at  a  time.  For  a 
balanced  cable  assembly  consisting  of  a  patch  cord 
(type  1),  connecting  liardware  (type  1),  horisontal  cable, 
connecting  hardware  (type  2)  and  patch  cord  (type  1) 
(i.e.  a  typical  channel)  the  measurements  would  be 
carried  out  in  the  following  sequence: 

A.  Measurement  with  the  absorbing  clamp  positioned 
at  the  extreme  end  of  the  first  patch  cord. 

B.  Measurement  with  the  absorbing  clamp  positioned 
at  the  near  end  of  the  connecting  hardware  (type  1). 

C.  Measurement  with  the  absorbing  clamp  positioned 
at  the  far  end  of  the  connecting  liardware  (type  1). 

D.  Measurement  with  the  absorbing  clamp  positioned 
at  tlie  far  end  of  the  connecting  liardware  (type  1), 
but  pointing  at  file  horisontal  cable  part  (horisontal 
cable  measurement). 

E.  Turning  cable  assembly  to  connect  opposite  end  to 
signal  generator. 

F.  Measurement  with  the  absorbing  clamp  positioned 
at  the  near  end  of  the  connecting  liardware  (type  2). 

G.  Measurement  with  the  absorbing  clamp  positioned 
at  file  far  end  of  the  connecting  hardware  (type  2). 

The  coupling  attenuation  of  the  cable  assembly  is  the 
worst  case  value  of  any  performed  measurement 
considering  a  10  dB  (to  be  agreed)  relaxation  of  the 
connecting  hardware  measurements. 

5.  IN-FIELD  MEASUREMENTS  OF  CABLE 
ASSEMBLIES 

The  in-field  coupling  attenuation  test  method  for  cable 


assemblies  lias  not  yet  been  discussed  in  Working 
Group  3.  Consequently  no  safe  indication  can  be  given 
about  file  nature  of  the  future  specification.  However,  it 
seems  important  that  a  quantitative  method  is 
developed,  and  that  tliis  method  is  reproducible  with  an 
acceptable  precision.  A  possible  way  could  be  to 
connect  the  installed  cable  to  the  signal  generator  by  a 
known  patch  cord.  The  absorbing  clamp  should  then  be 
placed  on  the  patch  cord  and  the  value  of  coupling 
attenuation  for  both  ends  of  the  cable  assembly  could  be 
measured. 

The  worst  case  value  of  the  two  measurements, 
considering  a  10  dB  (to  be  agreed)  relaxation,  could  be 
considered  as  file  coupling  attenuation  of  the  installed 
cable  assembly. 

The  correctness,  reproducibility  and  uncertainty  of  any 
in-field  test  method  must  of  course  be  demonstrated 
before  it  can  be  specified.  Therefore  the  solution 
proposed  above  is  only  the  authors  ideas  of  a  future 
possible  test  method. 


6.  TIMESCALES  OF  WORK 

The  coupling  attenuation  standard  for  cable  testing 
needs  to  be  agreed  before  work  on  other  component 
types  will  be  started.  Based  on  discussions  with  experts 
from  European  countries  it  is  expected  that  the  outcome 
of  the  3  months  approval  process  will  be  an  agreement 
in  July  2000.  After  then,  intensive  work  to  complete  the 
other  documents  will  be  started.  It  is  expected  that  the 
patch  cord,  connecting  hardware  and  laboratory  method 
of  cable  assembly  measurements  will  be  completed  as 
working  group  drafts  for  national  inquiry  by  the  end  of 
2000.  The  in-field  test  standard  is  scheduled  for 
completion  in  the  spring  2000,  but  might  be  delayed  in 
case  of  necessary  technical  evaluations  needed  to 
conclude  the  test  method. 

The  final  standards  are  then  in  file  best  case  scheduled 
for  publication  in  the  last  part  of  2001  and  in  2002  for 
file  in-field  test  method. 


BIOGRAPHICAL  NOTE 

Poul  Villien  is  coordinating  manager  at  3P  Third  Party 
Testing.  He  is  active  in  both  EEC,  ISO/EEC  and 
CENELEC  standardisation  of  cables,  connecting 
liardware  and  cabling.  Poul  Villien  is  the  chairman  of 
CENELEC  TC  46X  Working  Group  3,  dealing  with 
EMC  related  cable  performance  included  development 
of  the  coupling  attenuation  standards  for  cables,  patch 
cords,  connecting  hardware  and  cable  assemblies. 


EMC  2000 


INTERNATIONAL  WROCLAW  SYMPOSIUM 
ON  ELECTROMAGNETIC  COMPATIBILITY 


Introduction  to  the  MOM  and  the  GTD/UTD  and  their  Combination 

Prof.  Dr.-Ing.  Karl-Heinz  Gonschorek 

Carl  Friedrich  von  Siemens-Foundation  Chair  on  Electromagnetic  Compatibility 
Dresden  University  of  Technology,  Helmholtzstr.  9,  01069  Dresden,  Germany 


Summary:  The  Method  of  Moments  (MOM)  has 
proven  to  be  a  very  useful  tool  for  analysing 
electromagnetic  fields  in  complex  environments.  The 
normal  procedure  within  the  MOM,  the  discretization 
of  the  metallic  bodies  into  segments  for  thin  wire 
structures  or  patches  for  larger  surfaces,  limits  it’s  use. 
Not  only  the  size  of  the  so-called  system  matrix  is  a 
boundary,  also  the  matrix  becomes  more  and  more  ill- 
conditioned.  To  overcome  these  difficulties  the 
Geometrical  Theory  of  Diffraction  (GTD)  was 
introduced  by  Keller  in  1962  [1],  which  was  later  on 
extended  to  the  Uniform  Geometrical  Theory  of 
Diffraction  (UTD)  [2],  In  this  theory  the 
electromagnetic  interaction  between  two  points  in 
space  is  described  by  a  limited  number  of  rays,  the 
higher  the  frequency  the  better  the  results.  Combining 
the  MOM  and  the  GTD/UTD  allows  to  treat 
electromagnetic  interactions  within  complex 
environments,  containing  both  electrically  small  and 
electrically  large  bodies.  In  the  contribution  an 
introduction  to  both  methods  shall  be  given, 
concentrating  more  or  less  on  GTD/UTD.  Another 
main  subject  of  the  presentation  describes  the 
combination  of  both  methods,  which  leads  to  a  new 
class  of  problems  to  be  solvable  now.  The  paper  will 
close  with  two  examples  investigated  by  the  GTD/UTD 
or  by  a  combined  use  of  MOM  and  GTD/UTD. 

1.  Introduction 

The  Method  of  Moments  (MOM)  is  a  well  established 
method  for  calculating  electromagnetic  interactions 
within  complex  environments  containing  metallic  and 
dielectric  bodies.  Large  and  powerful  computer 
packages,  based  on  the  Method  of  Moments,  are 
available  today,  for  instance  CONCEPT,  FEKO,  NEC, 
which  allow  to  investigate  questions  like  near  and  far 
fields  of  linear  antennas,  coupling  from  antennas  to 
interfaces  and  cables,  coupling  between  cables  and 
from  electronics  to  antennas,  always  considering  the 
whole  electromagnetic  environment.  In  this  method  a 
matrix  of  unknowns  is  build  up,  which  becomes  larger 


and  larger  with  increasing  frequency.  A  complete 
different  method  is  given  by  the  Geometrical  Theory  of 
Diffraction  (GTD).  In  this  theory  the  electromagnetic 
radiation  within  a  complex  environment  between  two 
points  in  space  is  described  by  a  limited  number  of 
rays.  In  a  first  step  no  matrix  is  needed.  The  results 
become  better  and  better  with  increasing  frequency. 
Looking  for  arrangements  of  common  interest  which 
may  have  dimensions  in  the  metre-region  the  Method 
of  Moments  can  be  used  up  to  about  1  GHz,  the 
Geometrical  Theory  of  Diffraction  can  be  applied 
starting  with  appr.  500  MHz.  To  repeat:  In  the  MOM 
the  structure  parts  have  to  be  small  compared  to  or  in 
the  range  of  the  wavelength  under  consideration.  In  the 
GTD/UTD  the  scattering  bodies  have  to  be  large  in 
terms  of  the  wavelength.  There  is  really  an  overlapping 
range,  where  both  methods  can  be  applied,  which 
makes  it  easy  to  check  results  or  new  developments.  If 
an  arrangement  is  given  containing  both  electrically 
small  and  electrically  large  bodies  a  combined  method 
has  to  be  applied,  which  makes  use  of  the  advantages 
of  both  methods.  After  a  short  introduction  to  the 
Method  of  Moments  (a  status  report  will  follow  in  the 
next  contribution  [3])  a  more  detailed  explanation  of 
the  Geometrical  Theory  of  Diffraction  will  follow. 
Having  prepared  both  methods  a  way  combining  both 
will  be  explained. 

2.  Method  of  Moments 

The  Method  of  Moments,  which  belongs  to  the 
boundary  element  methods,  describes  the 
electromagnetic  behaviour  of  an  arrangement  by 
surface  currents,  in  case  of  very  thin  electrodes  by 
currents  flowing  on  their  axes.  Normally  these  currents 
are  unknown  and  have  to  be  predicted  by  variational 
procedures.  It  has  turned  out  that  subdividing  the 
surfaces  resp.  the  wires  into  subsections  defining  a 
current  function  on  each  subsection  seems  to  be  the 
most  economic  way  for  arbitrary  arrangements. 
Furthermore  most  programs  use  triangle  or  roof-top 


shapes  for  these  current  expansion  functions.  The 
equations  combining  the  current  with  the  electric  field 
strength  are  given  by 
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that  for  rebuilding  the  real  current  distribution  a 
certain  number  of  segments  is  needed.  The  default 
value  in  CONCEPT  is  8  triangles  per  wavelength. 


E  =  -  grad  <f>-  jco  A  , 


and  p  —  —  div  J . 

O) 

Let’s  assume  a  772-wire,  driven  by  a  voltage  source  of 
1  V,  which  is  subdivided  into  6  segments  leading  to  5 
overlapping  triangles  as  show  in  Fig.  1.  For  6  segments 
only  5  triangles  are  needed,  because  in  reality  a 
piecewise  linear  expansion  is  used.  The  amplitude  of 
the  triangles  are  unknown  in  the  first  step.  To  predict 
these  unknowns  boundary  conditions  have  to  be 
defined.  For  5  unknowns  5  boundary  conditions  are 
needed.  Boundary  conditions  are  given  by  the  fact  that 
a  tangential  electric  field  strength  is  not  allowed  on  the 
surface  of  a  wire.  And  this  is  valid  for  the  whole 
surface  except  the  point  of  excitation.  So  4  conditions 
can  be  derived  from  Etan  =  0  and  one  from  the  driving 
voltage.  In  table  1  the  results  for  a  wire  radius  of 
A/1 000,  produced  by  CONCEPT,  are  stated. 


Fig.  1:  7/2-dipole  with  5  triangle  expansion  functions 


Driving  voltage: 

Input  impedance: 

Current  on  segment  1  and  on  5: 
Current  on  segment  2  and  4: 
Current  on  segment  3: 


1  V/m 

77.8  +  j*33.6  Q 
5.7  -  j*3.3  mA 
9.5  -  j*5.0  mA 
10.8 -j  *4.7  mA 


Table  1:  Results  of  a  MOM-calculation  (772-dipole 
with  wire  radius  of  7/ 1000) 

To  get  the  stated  results  a  matrix  of  5  x  5  elements  is 
build  up,  considering  all  interactions  between  the  5 
current  functions.  This  very  simple  example  should 
only  demonstrate  the  procedure  and  give  an  impression 


In  Fig.  2  an  example  is  given,  that  shall  show,  what’s 
also  possible.  An  antenna  installed  on  the  roof  of  a  car 
is  fed  at  88  MHz  with  a  power  of  100  W.  The  radiated 
electromagnetic  field  produces,  as  explained  above, 
currents  on  the  surface  of  the  car.  These  currents  are 
also  shown  in  Fig.  2.  The  arrows  represent  these 
currents.  Their  length  is  a  measure  of  their  amplitude. 


Fig  2:  Antenna  on  the  roof  of  a  car,  frequency  f  =  88 
MHz 

3.  The  Geometrical  Theory  of  Diffraction 

The  best  way  to  start  explaining  the  Geometrical 

Theory  of  Diffraction  seems  to  be  making  some 

general  remarks: 

1 .  Using  the  method  of  subsections  within  the  Method 
of  Moments  restricts  the  size  of  objects  which  can 
be  investigated.  Usually  a  max.  length  of  a 
subsection  (in  case  of  patches  for  a  base  line)  of 
7710  is  specified. 

2.  Depart  from  the  fact  that  the  system  matrix  becomes 
larger  and  larger  with  increasing  frequency  the 
matrix  becomes  more  and  more  ill-conditioned. 

3.  In  1962  Keller  introduced  the  Geometrical  Theory 
of  Diffraction.  The  idea  is  that  at  high  frequencies 
the  electromagnetic  field  can  be  described 
sufficiently  by  a  limited  number  of  rays. 

4.  The  Geometrical  Theory  of  Diffraction  represents 
an  extension  of  the  classical  theory  of  geometrical 
optics. 

5.  It  permits  the  calculation  of  high-frequency  fields 
in  the  vicinity  of  electrically  large  and  complex 
bodies.  By  applying  variational  techniques 
asymptotic  solutions  of  Maxwell’s  equations  can  be 
found. 

6.  Additionally  to  the  direct  ray  and  the  well-known 
reflection  process  on  the  surface  of  a  metallic  body 
the  Geometrical  Theory  of  Diffraction  uses  three 
more  processes 

*  rays,  diffracted  at  edges  between  surfaces, 

*  creeping  waves, 

*  rays,  diffracted  at  tips  and  wedges. 
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The  two  expressions  GTD  =  Geometrical  Theory  of 
Diffraction  and  UTD  =  Uniform  Geometrical  Theory 
of  Diffraction  will  be  used  interchangeably  in  this 
contribution.  The  UTD  is  an  extension  of  the  classical 
theory.  It  avoids  some  field  inconsistencies  at 
boundary  lines,  for  instance  between  the  light  and  the 
shadow  region. 

The  GTD/UTD  is  based  on  rays.  In  Fig.  3  the  wave 
front  of  a  ray  in  it’s  general  description  is  given.  A 
general  ray  has  two  main  curvatures  K,  and  K2 ,  which 
can  easily  be  described  by  a  direction  and  a  curvature 
radius  p(.  Such  a  ray  propagates  from  a  starting  point 
up  to  a  fieldpoint,  in  this  case  we  have  a  direct  ray,  or 

up  to  a  reflection  or  diffraction  point 

wave-front 


In  Fig.  4  a  reflection  on  a  curved  surface  is  shown.  The 
incident  ray  Sj  touches  the  surface  at  the  reflection 
point  R,  here  the  ray  is  modified,  depending  on  the 
shape  of  the  surface  around  the  reflection  point,  and  is 
leaving  the  surface  as  scattered  ray  Sr.  At  the  reflection 
point  locally  the  reflection  law  with  respect  to  the 
angles  has  to  be  fulfilled. 


Fig.  4:  Reflection  on  a  curved  surface 

The  edge,  wedge  and  tip  diffraction  will  not  be 
explained  here,  they  are  a  little  bit  more  complicated, 
their  contribution  is  normally  small  if  direct  and/or 
reflected  rays  are  given.  They  cannot  be  denied 
because  in  shadow  regions  sometimes  they  deliver  the 
only  component.  The  reader  may  be  point  to  the 
literature  [2], 


From  physical  observations  it  is  known  that  also  in  the 
shadow  region  of  smoothly  curved  bodies 
electromagnetic  fields  exist.  To  get  these  parts  one 
more  type  of  ray  is  needed,  the  so-called  creeping 
wave.  The  creeping  wave  touches  the  surface 
tangentially  (seen  from  the  source  or  starting  point) 
creeps  within  the  surface  for  a  certain  distance  and 
leaves  the  surface  again  tangentially  in  the  direction 
toward  the  point  of  interest.  In  Fig.  5  such  a  creeping 
wave  is  depicted.  The  ray  Sj  touches  the  surface  at 
point  B„  creeps  in  a  transmission  tube  up  to  the  point 
B2  and  leaves  the  surface  as  modified  ray  Sc.  On  it’s 
way  from  B,  to  B2  it  looses  continuously  energy 
because  of  it’s  permanent  radiation. 


Fig.  5:  Creeping  wave 


Rays  must  be  predicted  within  the  Geometrical  Theory 
of  Diffraction.  Therefore  a  great  part  of  work  is  more 
of  geometrical  than  of  electrical  nature.  A  check  can 
easily  be  carried  out  whether  all  or  enough  rays  are 
considered  by  calculating  not  only  the  field  in  a  certain 
field  point  but  also  in  it’s  near  vicinity.  From  physics  it 
is  known  that  the  field  cannot  chance  drastically  for 
two  field  points  having  a  spatial  distance  of  less  than 

m. 
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In  equation  2  a  complete  description  is  given  for  the 
case  of  a  propagation  from  a  source  point  Q  to  a  field 
point  P  if  the  direct  ray,  one  reflected  ray,  one  edge 
diffracted  ray  and  a  ray  with  a  creeping  part  has  to  be 
considered. 
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One  of  the  problems  of  the  geometrical  theory  of 
diffraction  is  the  knowledge  of  the  diffraction  dyades, 
R  (R),  D  (K),  T  (B12)  with  respect  to  eq.  2,  which 
describe  the  modification  of  the  rays  at  the  surfaces.  A 
diffraction  dyade  is  a  2  x  2  matrix  having  only 
coefficients  on  it’s  main  diagonal. 

The  following  problems  areas  of  GTD/UTD  can  be 
summarised: 

1 .  Mathematical  formulation  of  the  diffraction  dyades 
as  mentioned, 

2.  Ray-tracing  in  order  to  predict  all  rays  between 
source-  and  observation-point  that  fulfil  Fermat’s 
principle, 

3.  Suppression  of  rays  which  are  not  possible  due  to 
obstacles  on  their  way  from  source-  to  observation- 
point, 

4.  Consideration  of  rays  with  multiple  diffractions???, 

5.  Source  description. 

The  mathematical  formulation  of  the  diffraction  dyades 
is  a  special  field  of  investigation,  which  shall  not  be 
treated  here. 

The  points  2  to  4  are  more  or  less  geometrical 
questions. 

The  question  marks  closing  point  4  have  a  double 
meaning: 

a)  formulation  of  a  general  procedure  to  find  and 
describe  the  multiple  diffractions  taking  into 
account  all  boundary  conditions, 

b)  specifying  a  criteria  which  and  how  many  multiple 
diffractions  have  to  be  considered. 


4.  Source  description  within  GTD/UTD 

The  GTD/UTD  in  it’s  basic  form  is  defined  for  or  in 
rays.  The  MOM,  as  a  boundary  element  method, 
relates  the  field  to  currents  on  the  boundary  between 
two  media,  in  the  case  we  are  treating  here,  to  currents 
on  surfaces.  To  prepare  the  combination  of  GTD/UTD 
and  MOM,  but  also  for  a  better  application  of  the 
geometrical  methods,  it  is  advisable  to  find  a  way  to 
relate  the  rays  to  currents.  There  are  several 
possibilities.  The  best  seems  to  be  the  use  of  so-called 
Ekelman-sources,  which  are  a  rebuilding  of  sinusoidal 
current  functions  into  a  series  of  three  point  sources. 
In  Fig  6  the  transformations  from  piecewise  constant 
(Hertzian  Dipol)  and  from  piecewise  sinusoidal  current 
distributions  to  far  fields  are  shown. 


5.  Procedure  for  combining  MOM  with  GTD/UTD 

Having  a  MOM-  and  a  GTD/UTD-program  available 
the  combination  is  easily  realised.  The  complex 
environment  under  investigation  is  divided  into  two 
parts,  the  MOM-part,  containing  the  electrically  small 


bodies,  and  the  GTD/UTD-part  with  the  electrically 
large  structures.  A  system  matrix  for  the  MOM-part  is 
build  up  and  modified  by  correction  terms  coming 
from  diffraction  processes  at  the  large  bodies.  The 
procedure  has  been  presented  several  times.  By  doing 
this  some  conditions  have  to  be  obeyed,  for  instance  if 
the  MOM-part  consists  of  two  spatial  regions,  which 
are  partly  or  totally  shadowed  by  the  large  objects. 


1.  Farfleld  of  an  Hertzian  Dipol 
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2.  Farfleld  of  a  dipol  with  sinusoidal  current 
distribution 
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Current  on  an  antenna  has  to  be  rebuilt  by  a  sum  of 
sinusoidal  functions! 


Fig.  6:  Source  description,  coming  from  currents  to 
fields 

Also  a  special  procedure  is  needed  if  the  MOM-bodies 
are  directly  connected  to  the  GTD/UTD-structure.  Fig. 
7  contains  two  wires  near  to  a  large  scattering  body. 
The  electromagnetic  interactions  between  the  two 
wires  can  be  decribed  by  the  Method  of  Moments.  The 
influence  of  the  scattering  body  will  be  considered  by 
diffraction  coefficients.  As  a  consequence  we  got  two 
matrices  for  the  wire  coupling,  one  considering  the 
direct  coupling  from  segment  to  segment  and  one  for 
the  coupling  via  the  scattering  object  from  segment  to 
segment.  Adding  both  matrices  and  inverting  the 
combined  matrix  yields  the  currents  on  the  wires. 
Having  these  currents  the  whole  field  within  the 
arrangement  can  be  calculated  now. 

6.  Examples  for  the  application  on  GTD/UTD  and 
the  combination  with  MOM 

Two  examples  shall  demonstrate  the  features  of  the 
tools  described  above.  In  the  first  example  a  dipole- 
antenna  is  placed  in  front  of  a  mast  on  a  ship.  The 
antenna  has  a  length  of  U 2  and  a  distance  to  the  mast 
of  2.25  The  superstructure  of  the  ship  is  rebuild  by 
14  building  blocks.  The  investigation  is  carried  out  at  2 
GHz.  The  influence  of  the  superstructure  to  the  current 
of  the  ^./2-antenna  is  not  taken  into  account.  In  Fig  8 
the  arrangement  and  the  far  field  pattern  is  presented. 
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Fig.  7:  Combining  MOM  with  GTD/UTD 
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Fig.  8:  X/2-antemia  on  a  ship  in  front  of  a  mast 

The  second  example  was  investigated  by  a  hybrid- 
program,  which  combines  both  methods  in  the  way 
stated  above.  A  ^-dipole  is  located  in  the  vicinity  of 
two  large  scattering  bodies.  It  is  asked  for  the  voltage 
coupled  into  a  A./2-sensor.  The  sensor  is  moved  on  a 
line  behind  the  two  large  objects.  In  Fig.  9  the 
arrangement  and  the  results  are  given.  Additionally  to 
the  plot  from  the  hybrid  program  (solid  line)  a  first 
order  result  is  shown  which  was  produced  by  a 
procedure  based  only  on  optical  considerations  (dashed 
line).  For  the  approximate  solution  the  coupling 
between  the  /Udipole  and  the  ^/2-sensor  was  calculated 
by  a  MOM  code,  not  considering  the  large  scattering 
objects.  The  results  were  than  modified  by  suppressing 
the  sensor  voltage  for  the  cases  where  no  optical  sight 
is  given  between  the  dipole  and  the  sensor.  It  is  clearly 
to  be  seen  that  the  fields  between  the  two  scattering 


objects  cannot  sufficiently  be  described  by  simple 
estimations. 


X-dlpole,  k/2-field-iensor,  two  scattering  bodies. 


Voltage  of  the  X/2-fieId-sensor 


point 


Fig.  9:  Coupling  between  a  dipole  and  a  sensor 
7.  Conclusion 

In  the  contribution  an  introduction  to  the  Geometrical 
Theory  of  Diffraction  (GTD/UTD)  and  it’s 
combination  with  the  Method  of  Moments  (MOM) 
should  be  given.  The  main  ideas  have  been  presented. 
Two  example  demonstrate  the  features  of  a  hybrid 
procedure. 
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This  paper  discusses  some  recent  extensions  to  the 
Method  of  Moments  as  implemented  in  the  computer 
code  FEKO,  which  enhance  the  capabilities  with  re¬ 
spect  to  modelling  of  large  scale  practical  EMC  prob¬ 
lems.  Amongst  the  presented  extensions  are  fre¬ 
quency  interpolation,  iterative  solution  techniques 
for  massively  parallel  supercomputers,  and  some  im¬ 
provements  in  a  current  based  hybrid  technique. 


1  INTRODUCTION 

Amongst  other  numerical  techniques,  the  Method  of 
Moments  (MoM)  finds  a  very  widespread  applica¬ 
tion  in  the  area  of  EMC  e.g.  for  a  variety  of  auto¬ 
motive  applications.  With  increasing  available  com¬ 
puter  power,  there  is  the  trend  that  EMC  engineers 
try  to  solve  more  complex  and  larger  problems,  and 
this  need  seems  to  grow  even  faster  than  the  avail¬ 
able  computer  power.  It  is  therefore  essential  to  con¬ 
tinuously  improve  the  numerical  techniques  in  order 
to  increase  the  efficiency  and  to  extend  the  range  of 
application. 

The  present  contribution  aims  at  summarising  some 
recent  extensions  of  the  MoM,  which  are  already 
available,  or  will  be  made  generally  available  soon, 
in  the  computer  code  FEKO  [1]. 


2  INSULATED  METALLIC  WIRES 

For  some  EMC  applications  it  is  essential  to  take  a 
possible  dielectric  coating  of  metallic  wires  into  ac¬ 
count,  or  also  the  insulation  of  wires  that  are  lo¬ 
cated  in  a  lossy  environment.  Certainly  a  full  MoM 
model  could  be  constructed  for  dealing  with  such  a 
configuration,  by  treating  the  coating  as  a  dielec¬ 
tric  tube  around  the  wire  and  introducing  equivalent 
electric  and  magnetic  surface  current  densities  within 


the  framework  of  the  MoM.  But  this  approach  is 
extremely  expensive  concerning  memory  and  CPU¬ 
time  requirements.  Popovic  has  pointed  out  in  his 
book  [2]  possibilities  of  transforming  a  wire  coating 
into  a  distributed  inductive  load,  which  can  be  han¬ 
dled  very  efficiently  by  the  MoM.  His  approach,  how¬ 
ever,  fails  in  certain  situations,  e.g.  if  the  loss  tan¬ 
gents  of  the  coating  and  the  surrounding  medium  are 
different.  A  special  technique  has  been  developed, 
which  makes  use  of  the  volume  equivalence  principle 
and  directly  relates  the  volume  polarisation  current 
to  the  line  charge  distribution  along  the  wire,  similar 
to  the  proposals  in  [3, 4] . 

An  application  example  is  depicted  in  Fig.  1.  Two 
monopoles  of  heights  h  =  11cm  and  wire  radii 
rw  =  0.2  mm  are  placed  at  a  distance  of  d  =  10  cm 
into  a  lossy  liquid  (water).  Fig.  2  shows  the  result¬ 
ing  transmission  coefficient  S21  —  2  Ur  /Uq  versus  fre¬ 
quency;  the  dashed  line  represents  52i  for  uncoated 
wires  (MoM  solution  with  132  unknowns).  Taking 
the  insulation  with  eri2  =  2.5  and  rd  =  1.7  mm  into 
account  by  a  rigorous  full  MoM  formulation  leads  to 
the  solid  line  in  Fig.  2.  One  can  clearly  notice  the 
effect  of  the  insulation.  However,  by  the  full  MoM  so- 
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Fig.  1:  Coupling  between  two  insulated  wires  in  a  lossy 
environment. 
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Fig.  2:  S21  coupling  coefficient  for  the  arrangement  in 
Fig.  1  as  a  function  of  frequency. 
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Fig.  4:  Magnitude  of  the  scattered  electric  field  strength 
along  the  runway. 


lution,  the  number  of  basis  functions  increases  from 
132  (no  insulation)  to  4524  (with  insulation).  Apply¬ 
ing  the  new  approximate  formulation  based  on  the 
volume  equivalence  principle  allows  to  account  for 
the  insulation  with  only  132  unknowns.  The  result 
is  depicted  in  Fig.  2  by  the  circular  symbols.  There  is 
an  excellent  agreement  as  compared  to  the  full  MoM 
reference  solution. 


3  MOM/UTD/PO  HYBRID  METHOD 

For  electrically  large  metallic  or  homogeneous  dielec¬ 
tric  bodies,  FEKO  offers  the  option  to  use  a  hy¬ 
bridisation  of  the  MoM  with  high-frequency  asymp¬ 
totic  techniques:  MoM/P  O  (physical  optics)  or 
MoM/UTD  (uniform  theory  of  diffraction)  [5].  Cor¬ 
rection  terms  for  the  PO  are  available  and  lead  to 
the  IPO  (improved  PO)  or  to  Fock  currents. 

One  recent  extension  of  this  hybrid  method  is  the 
application  of  Fock  currents  and  PO  edge  and  wedge 
correction  terms  to  complicated  structures  where  it 
may  happen  that  part  of  the  Fock  region  is  shad¬ 
owed  by  PO  surfaces,  or  that  part  of  the  edge/wedge 
where  the  correction  shall  be  taken  into  account,  is 
shadowed  as  well. 


Fig.  3:  Aircraft  model  with  the  surface  current  density  as 
obtained  by  the  improved  PO  and  Fock  currents. 


An  application  example  from  aviation  shall  be  dis¬ 
cussed.  At  a  typical  distance  of  150  m  parallel  to 
the  runway  is  the  so-called  taxiway,  where  aircrafts 
queue  waiting  for  take-off.  Such  an  aircraft  is  shown 
in  Fig.  3  (the  ground  plane  is  taken  into  account  in 
the  computation,  but  not  shown  in  the  figure) .  The 
main  problem  to  be  investigated  is,  that  this  air¬ 
craft  represents  a  metallic  obstacle,  and  will  disturb 
the  signal  of  the  localiser  by  superimposing  scattered 
components.  This  situation  is  depicted  in  Fig.  4, 
where  the  scattered  electric  field  strength  is  plotted 
along  the  runway  in  a  height  of  4  m  above  ground  in 
a  distance  range  from  1  to  4  km  from  the  antenna. 

Using  the  full,  conventional  MoM  leads  to  the  scat¬ 
tered  field  strength  as  indicated  by  the  solid  line  in 
Fig.  4.  Such  an  investigation,  however,  is  quite  ex¬ 
pensive.  For  a  segmentation  with  27145  unknowns 
the  solution  time  on  a  heterogeneous  LINUX  cluster 
with  6  nodes  is  about  1.6  days.  Since  not  enough 
main  memory  is  available,  out-of-core  techniques 
must  be  used. 

Using  the  available  hybrid  methods  in  FEKO,  the 
computational  cost  can  be  reduced  significantly.  For 
PO  it  is  only  about  25  min  (sequential  code),  and 
by  adding  corrections  terms  leading  to  the  improved 
PO  (IPO)  [6]  and  by  using  Fock  currents  [7]  on  the 
curved  sections  of  the  fuselage  this  increases  to  about 
3  hours  (also  sequential  FEKO  version)  with  a  rather 
small  memory  requirement  of  just  10  MByte.  The 
surface  current  density  for  this  asymptotic  IPO/Fock 
solution  is  shown  in  Fig.  3,  and  even  though  this 
looks  very  smooth,  the  scattered  electric  field  in 
Fig.  4  (dotted  line)  agrees  very  reasonably  with  the 
solid  line  based  on  the  much  more  expensive  MoM. 

4  FREQUENCY  INTERPOLATION 

For  a  variety  of  EMC  investigations,  one  is  inter¬ 
ested  in  the  frequency  response  over  a  wide  frequency 
range.  For  a  frequency  domain  implementation  of 
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Fig.  5:  Induced  current  versus  frequency  for  an  IEEE 
EMC  benchmark  problem  using  30  sample  points 
(a)  or  581  samples  (b).  Application  of  MBPE  on 
the  data  with  30  samples  is  shown  in  graph  (c). 


the  MoM,  this  requires  the  solution  at  a  large  num¬ 
ber  of  frequency  sample  points. 

Techniques  such  as  MBPE  (model  based  parameter 
estimation)  or  AWE  (asymptotic  waveform  expan¬ 
sion)  [8-10]  provide  a  means  of  accelerating  MoM  so¬ 
lutions.  An  application  example  is  depicted  in  Fig.  5, 
where  the  induced  current  (real  and  imaginary  part) 
is  plotted  as  a  function  of  frequency  for  a  wire  loop 
excited  by  a  monopole  antenna. 

The  MoM  solution  using  only  30  frequency  sample 
points  is  shown  in  Fig.  5  (a).  As  compared  to  us¬ 
ing  more  samples  (e.g.  581  in  Fig.  5  (b))  one  clearly 
realises  the  deficiencies,  the  resonance  peaks  are  not 
predicted  accurately. 

Instead  of  now  increasing  the  number  of  sample 
points  from  30  to  581  (factor  19.4  longer  run-time  for 
the  MoM  solution),  the  MBPE  is  applied  in  Fig.  5  (c) 
to  the  raw  data  of  only  30  sample  points.  One  clearly 
realises  again  a  very  good  agreement  to  the  refer¬ 
ence  solution  with  581  samples  in  Fig.  5  (b),  while 
the  computation  time  is  identical  to  the  30  sample 
result  in  Fig.  5  (a). 


5  ITERATIVE  SOLUTION  TECHNIQUES 

In  certain  situations,  e.g.  when  hybrid  techniques 
cannot  be  applied  or  for  validation  purposes  of  the 
latter,  one  is  forced  to  solve  electrically  large  prob¬ 
lems  with  the  conventional  MoM.  For  problems  with 
typically  30000  to  50000  unknowns,  the  application 
of  massively  parallel  supercomputers  such  as  the 
CRAY  T3E  allows  the  solution  in  a  reasonable  time 
of  1  or  2  hours,  whereas  on  a  single  PC  or  a  parallel 
PC  cluster  the  solution  might  even  take  a  few  days. 
The  parallelisation  of  the  MoM  has  been  described  in 
detail  (e.g.  [11]),  and  the  most  time-consuming  phase 
of  the  solution  process  is  the  solution  of  the  complex 
dense  system  of  linear  equations.  For  a  sequential 
MoM  implementation  usually  iterative  solution  tech¬ 
niques  are  problematic  to  apply  for  general  composed 
metallic/dielectric  scattering  problems.  Convergence 
depends  very  much  on  the  structure  of  the  problem, 
and  only  after  having  tried  several  combinations  of 
different  iterative  solvers  with  different  precondition¬ 
ers,  a  method  is  found  which  outperforms  the  stan¬ 
dard  LU  decomposition.  This  is,  however,  different 
for  a  massively  parallel  implementation  of  the  MoM. 
Communication  can  be  done  very  efficiently  for  it¬ 
erative  techniques  that  avoid  a  matrix-vector  prod¬ 
uct  involving  the  transpose  of  the  matrix  (e.g.  CGS 
or  TF-QMR),  and  examples  show  that  these  itera¬ 
tive  techniques  clearly  outperform  the  default  paral¬ 
lel  LU-decomposition. 

Two  such  examples  have  been  included  in  the  graph 
of  Fig.  6,  where  the  scattering  at  two  different  metal¬ 
lic  objects  is  investigated  using  9096  and  18468  basis 
functions,  respectively. 

The  dashed  lines  indicate  the  scaling  of  the  problem 
on  the  CRAY  T3E  using  ScaLAPACK  as  standard 
solver  based  on  a  LU-decomposition.  One  clearly 
realises  almost  a  stagnation  using  64  or  more  nodes. 
On  the  other  hand,  CGS  as  an  iterative  solution  tech¬ 
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Fig.  6:  Run-time  for  CGS  and  ScaLAPACK  on  the 
CRAY  T3E  as  a  function  of  the  number  of  nodes 
for  two  metallic  scattering  problems. 
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nique,  shows  an  almost  ideal  scaling  behaviour,  and 
except  for  the  smaller  problem  solved  on  16  nodes 
only,  the  run-time  of  CGS  is  also  shorter  than  the 
ScaLAPACK  run-time,  albeit  the  fact  that  the  con¬ 
vergence  for  CGS  is  not  very  overwhelming  for  these 
metallic  problems. 


6  CONCLUSIONS 

Several  recent  extensions  of  the  MoM  have  been  dis¬ 
cussed  which  make  this  method  very  suitable  for  an 
analyis  of  a  large  number  of  practical  EMC  problems. 
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Abstract:  Electromagnetic  topology  is  a  powerful  tool 
to  investigate  disturbances  in  complex  systems.  It  can 
be  used  to  calculate  voltages  and  currents  that  occur 
on  the  wiring  of  a  system.  However,  in  this  approach 
so  far  only  uniform  transmission  lines  are  included.  In 
this  paper,  a  method  to  treat  nonuniform  transmission 
lines  (NMTL)  in  topological  networks  is  presented  and 
some  frequently  used  nonuniform  cables  are  analyzed. 
A  wiring  in  a  PC  housing  is  investigated  and  a  com¬ 
parison  with  measurements,  numerical  simulation 
using  a  method  of  moments  code,  and  with  the  results 
of  the  topological  method  is  carried  out. 

1.  INTRODUCTION 

Complex  technical  systems,  like  cars  or  aircraft,  oper¬ 
ate  on  a  very  low  energetic  level.  In  addition,  more  and 
more  functions,  also  critical  functions,  are  performed 
by  electronic  sensors  and  actors  on  these  low  energetic 
control-signal  levels.  On  the  other  hand,  the  growing 
use  of  electronic  equipment  and  its  increasing  package 
density  inevitably  lead  to  EMI  problems. 

Therefore  a  numerical  analysis  of  the  electromagnetic 
behavior  of  complex  systems  at  the  design  level  can 
help  to  ensure  the  EMC  of  the  final  system,  and 
thereby  avoid  a  very  cost-effective  post-hardening. 

A  full  wave  simulation  of  a  complex  system  requires  a 
large  amount  of  computation  time  and  memory.  In 
addition  to  that  the  inclusion  of  cable  harnesses  makes 
a  numerical  solution  almost  impossible.  For  this  reason 
topological  methods  are  applied  [1]. 

2.  THE  PRINCIPLE  OF  ELECTROMAGNETIC 
TOPOLOGY 

In  contrast  to  a  full  wave  solution,  the  topological 
method  is  based  on  a  decomposition  of  the  whole  sys¬ 
tem  into  different  parts.  These  parts  are  collected  into  a 
topological  diagram  as  a  formal  representation  of  the 
system.  The  interactions  between  the  decomposed  parts 
are  then  analyzed  in  the  corresponding  interaction 


graph  to  build  a  correct  model  of  the  system  behavior 
in  terms  of  coupled  subsystems. 

The  topological  diagram  and  interaction  graph  have  to 
be  transformed  into  a  network  representation  with 
propagation  tubes  and  scattering  junctions  [2].  Essen¬ 
tially,  two  networks  have  to  be  generated  for  an  arbi¬ 
trary  system:  one  for  the  cable  coupling  and  a  second 
one  for  field  coupling.  Both  are  mutually  linked  to¬ 
gether  via  source  terms. 

The  mathematical  description  of  these  networks  is 
based  on  the  BLT-equation  [3]  and  is  formulated  in 
frequency  domain.  The  BLT-equation  reads 

(Pl-[S][n][W(0)]  =  [S][Ww(I)].  (1) 

Here  the  supermatrix  [S]  describes  the  scattering  be¬ 
havior  of  the  network  junctions  and  the  supermatrix  [F] 
the  propagation  along  the  tubes.  The  supervector 
[W*S)(L)]  characterizes  all  sources  of  the  network. 

The  above  equation  has  to  be  solved  for  [W(0)j,  the 
outgoing  wave  supervector.  For  this  purpose  one  needs 
to  know  all  entries  of  [T]  and  [S].  A  whole  variety  of 
numerical  methods  is  available  to  determine  the  scat¬ 
tering  parameters  of  the  sub-volumes,  e.g.,  finite  dif¬ 
ferences,  finite  elements,  TLM,  MoM,  etc..  Also  ana¬ 
lytical  solutions  or  measurements  can  be  used  to  fill  the 
entries  of  the  scattering  matrix.  Even  a  combination  of 
different  methods  can  be  applied. 

For  the  calculation  of  [F]  transmission  line  theory  still 
provides  a  solution  for  a  host  of  cases.  Since  the  propa¬ 
gation  matrix  describes  how  energy  propagates  from 
the  near  end  to  the  far  end  of  a  tube,  one  also  may  think 
to  use  other  methods  to  estimate  [T],  in  particular  for 
very  high  frequencies  when  radiation  starts  to  play  a 
role. 

Indeed,  sometimes  the  propagation  matrix  is  contained 
in  an  equivalent  scattering  matrix.  Then,  using  equiva¬ 
lent  sources  at  the  ports,  the  previous  BLT-equation 
can  formally  be  simplified,  giving 
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l[l]-[S]lw(0)]  =  [S][W(l)(i)]-  (2) 

This  equation  describes  a  network  of  scattering  sub¬ 
volumes  which  are  directly  connected  at  their  ports. 


3.  NONUNIFORM  MULTICONDUCTOR 
TRANSMISSION  LINES 


We  have  included  nonuniform  multiconductor  trans¬ 
mission  lines  (NMTL)  in  the  topological  network, 
discussed  above.  This  is  done  in  the  following  way.  We 
start  with  a  system  of  N  transmission  lines  and  a  refer¬ 
ence  conductor,  described  with  the  telegrapher  equa¬ 
tion  in  frequency  domain 
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where  z  is  the  local  coordinate  along  the  NMTL.  The 
voltage  vector  u,  the  current  vector  i,  the  per-unit- 
length  series  voltage  source  vector  v’(s),  and  the  per- 
unit-length  shunt  current  source  vector  i’(s)  have  N 
components,  whereas  the  per  unit-length  series  imped¬ 
ance  matrix  Z’  and  the  per-unit-length  shunt  admit¬ 
tance  matrix  Y’  are  N  x  N  matrices,  and  in  distinction 
to  the  uniform  transmission  line  equation,  dependent 
on  the  parameter  z.  Another  useful  representation  of  (3) 
is  the  one  in  terms  of  wave  variables  w+  and  w.,  where 
+  indicates  the  direction  of  increasing  z  and  -  of  de¬ 
creasing  z.  This  representation  can  be  obtained  from 
(3)  using  the  transformation 


and 


w.<*)' 

W_(z) 

V;>(z)' 

(z) 

Ze(z)  Tu^’fz) 
-Zc(z)J[i'lI’(z)J 


=  [*(*)[' 


iri’^z)' 

i,('>(z)_ 


(4) 

(5) 


The  corresponding  equation  for  the  wave  variables 
reads 
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with 

P(z)  =  Zc(z)r-'(z)  =  -Z'(z)Zc-'(z) 

G(z)  S  Z>,Zc(z)  =  c-'(z)  =  -Zc(z)^M  (7) 

The  characteristic  impedance  is  obtained  by 


Zc(z)  =  ^Zr(z)Y’(z)-'  ■  (8> 

The  equations  (3)  and  (6)  are  of  the  form 

•J-  X(z)  =  Q(z)X(z)  +  X'(,)  (z)  (9) 

dz 

where  X(z)  is  the  unknown  supervector,  Q(z)  a  non¬ 
constant  parameter  matrix,  and  X,w(z)  the  source  su¬ 


pervector.  The  standard  solution  of  (9)  with  initial 
value  X(zo)  is  given  by  (see  [4]) 

X(z)  =  M’.  (Q(z))X(z0)+  jK(z,#)X'w  (£)</£  (10) 

where  the  matrizant  can  be  calculated  via  the 

expansion 

M!.  (Q(z))  =  l+ [Q(r)dr+  jQ(r) ]Q(8)dSdr  + ...  (11) 

lo  *o  lo 

The  Cauchy  matrix  K(z,l;)  is  expressed  by 

K(z,^  =  M*f(Q(2))[Mfo(Q(Z))f1  =  M*(Q(z)).  (12) 

Thus,  the  general  matrix  vector  equation  is  formally 
solved.  The  remaining  problem  is  the  nontrivial  com¬ 
putation  of  the  matrizant.  Since  equation  (11)  is  not 
well  suited  for  a  numerical  computation,  we  rather  use 
the  product  integral  representation  of  the  matrizant 
[4,5] 

M‘.(Q(z))  =  neQ(0&  =  limoneQ<z')iz*  .  (13) 

*=i 

Assuming  that  the  matrices  Q(z),  Q(z’)  commute  for 
all  z,  z’  along  the  line  then  we  find  the  simple  expres¬ 
sion  for  the  matrizant 

t 

\  Q(0* 

M  ;.(Q(z))  =  e-  •  (14) 

In  order  to  calculate  equation  (13)  we  have  to  segment 
the  parameter  interval  along  the  line  into  discrete  sec¬ 
tions,  the  length  of  which  depend  on  how  strongly  Q(z) 
changes  its  values  in  dependency  of  z.  In  special  cases 
it  is  possible  to  estimate  the  matrizant  analytically,  e.g., 
for  circulant  lines  [6]. 


Of  course,  NMTLs  can  be  introduced  in  the  represen¬ 
tation  of  the  BLT-equation,  either  as  tubes  via  the 
propagation  parameters  or  as  junctions  via  equivalent 
scattering  parameters.  In  the  following  the  matrizant  is 
transformed  into  a  scattering  matrix  which  is  posi¬ 
tioned  between  two  tubes  of  zero  length  in  the  network. 
Therefore  two  steps  have  to  be  performed:  Firstly  the 
equivalent  scattering  matrix  of  the  NMTL  has  to  be 
calculated  and  secondly,  sources  along  the  line  must  be 
transformed  into  equivalent  sources  at  the  end  of  the 
line.  Using  the  definition  of  the  scattering  parameters 
and  the  solution  of  (6)  (with  (13)),  a  transformation 
rule  from  the  matrizant  into  scattering  parameters  can 
be  derived: 
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We  use  the  transformation 
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to  evaluate  the  equivalent  sources  at  the  end  of  the  line. 
Consequently,  we  get  a  model  for  the  nonuniform  tube 
which  can  be  naturally  included  in  the  BLT  equation. 
An  example  how  to  incorporate  a  NMTL  into  a  BLT 
network  is  shown  in  Figure  1 . 


Figure  1:  Example  of  a  BLT  network  with  a  non- 
uniform  tube  modeled  as  an  equivalent  scattering  junc¬ 
tion 


Now  we  are  prepared  to  treat  a  network  with  uniform 
and  nonuniform  multiconductor  transmission  lines. 


The  full  wave  solution  agrees  very  well  with  the  matri- 
zant  solution.  The  differences  to  the  results  for  a  uni¬ 
form  transmission  line  are  significant.  The  variation 
between  the  matrizant  and  the  method  of  moments 
results  in  the  higher  frequency  range  are  caused  by 
radiation  effects  which  are  not  included  in  the  matri¬ 
zant  solution. 


magnitude  of  the  current  i2(1 )  (far  end) 


frequency  in  Hz 

Figure  3:  Example  1  -  cross  coupling  at  the  far  end 


4.  APPLICATION  TO  FREQUENTLY  USED 
NONUNIFORM  LINES  AND  UNKNOWN 
CABLE  LAYINGS 

To  validate  the  previous  described  method,  various 
frequently  used  types  of  nonuniform  transmission  lines 
are  analyzed.  Therefore  we  have  to  know  the  exact 
geometrical  data  of  the  cable  harness.  This  means  that 
at  every  cross  section  along  the  NMTL  the  location  and 
thickness  of  every  single  conductor  must  be  known. 

Our  first  example  is  a  wavy  shaped  line  as  shown  in 
Figure  2. 


Figure  2:  Example  1  -  wavy  shaped  line 

This  tube  consists  of  three  single  conductors  above  an 
ideal  ground  plane.  Their  mutual  distance  is  constant, 
but  the  height  of  the  wires  above  ground  is  changed 
sinusoidally  in  the  range  of  ±  80%  of  the  nominal 
height.  The  near  end  of  the  first  wire  is  excited  with  a  1 
Volt  generator,  and  all  other  ends  are  loaded  with  50  Q 
resistors.  The  line  is  1  m  long,  and  the  currents  at  the 
ends  of  the  line  are  calculated  from  1  MHz  up  to  1 
GHz.  Figure  3  shows  the  magnitude  of  the  cross- 
coupled  current  at  the  far  end  of  the  second  wire  which 
was  derived  using  the  approach  with  the  matrizant  in 
comparison  to  a  full  wave  calculation  (with  the  method 
of  moments  code  CONCEPT)  and  the  solution  for  a 
uniform  transmission  line. 


In  the  first  example  all  geometrical  data  of  the  tube 
were  well  known.  However,  often  the  exact  position  of 
individual  wires  are  only  known  at  the  near  end  and  at 
the  far  end  of  the  tube  (e.g.  at  the  connectors).  This 
suggests  the  performance  of  a  statistical  analysis  of 
such  an  unknown  nonuniform  tube.  Thus,  many  calcu¬ 
lations  of  randomly  generated  tube  geometries  have  to 
be  completed  in  order  to  estimate  maximal  and  mini¬ 
mal  bounds  for  the  equivalent  scattering  parameters. 
The  second  example  treats  such  an  unknown  cable 
laying.  We  investigate  a  cable  geometry  of  three  wires 
above  ground  plane  as  in  example  1,  but  the  exact 
positions  of  individual  wires  are  not  known.  We  as¬ 
sume,  that  the  wires  are  located  in  a  tolerance  area  as 
sketched  in  Figure  4.  Thus,  both,  height  and  distance, 
of  the  wires  are  changed  over  the  length  parameter  z. 


tolerance  area 


ground  plane 

Figure  4:  Example  2  -  cross  section  of  the  “random 
tube”,  the  wires  are  located  within  the  tolerance  area 

For  this  “random  cable  tube”  100  possible  geometries 
are  calculated  and  analyzed  using  the  matrizant  ap¬ 
proach,  Figure  5  shows  one  example  geometry  for  this 
tube. 


differences  between  scattering  parameters 
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Figure  5:  Example  2  -  one  random  geometry 


First  we  want  to  illuminate,  how  the  nonuniformity  of 
the  random  line  influences  the  cross  coupling.  The 
initial  idea  was,  that  there  will  be  no  difference  to  an 
uniform  line,  because  the  effect  of  stronger  coupling, 
caused  by  a  smaller  distance,  could  be  averaged  out  by 
the  effect  of  weaker  coupling,  due  to  a  larger  distance 
of  two  wires.  However,  our  results  show  a  remarkable 
difference  to  uniform  lines.  In  Figure  6  we  display  the 
near  end  cross-coupled  current  of  the  second  wire 
which  is  very  different  from  that  of  an  uniform  line. 


magnitude  of  the  current  i2(0)  (near  end) 


Figure  6:  Example  2  -  cross  coupling  at  the  near  end 

The  analysis  over  100  calculations  leads  to  minimum, 
maximum  and  mean  values  of  the  differences  between 
the  equivalent  scattering  parameters  and  the  uniform 
transmission  line  scattering  parameters. 

differences  between  scattering  parameters  S)2 
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Figure  7:  Example  2  -  bounds  in  the  statistical  analy¬ 
sis  of  the  deviation  to  a  MTL 


These  bounding  values  are  shown  in  Figure  7.  With  the 
aid  of  these  bounds  we  are  able  to  identify  frequency 
regions  of  increased  disturbances  on  the  wires,  where 
attention  to  a  correct  operation  has  to  be  paid  (around 
300  MHz  in  example  2). 

5 .  A  SIMPLE  EXPERIMENT  WITH  A  CABLE  IN 
A  PC  HOUSING 

We  will  elucidate  the  topological  method  with  the  aid 
of  a  general  example  and  will  present  numerical  results 
in  comparison  with  measurements. 

We  chose  a  standard  PC  desktop  housing,  removed  all 
interior  components,  installed  two  small  boxes  and 
connected  them  with  transmission  lines  of  different 
configurations.  The  slot  of  the  floppy  disk  is  left  open 
to  enable  field  coupling  into  the  interior.  This  test  set¬ 
up  is  shown  in  a  geometrical  method  of  moment  model 
in  Figure  8. 


Figure  8:  PC-housing  with  boxes  and  cables 


The  topological  network  of  this  problem  is  very  simple 
because  we  only  have  to  treat  one  tube  (Figure  9). 


Figure  9:  Topological  network  of  the  wiring  of  the  PC 

Since  the  topological  network  is  located  in  a  structure 
which  is  excited  by  a  plane  wave  of  lV/m,  we  have  to 
calculate  the  tangential  E-field  at  all  wire  positions.  For 
simple  geometries  this  can  be  done  analytically,  but  for 
our  PC  housing  we  used  the  method  of  moments.  This 
allows  the  use  of  the  Agrawal  model  [7]  for  the  cou¬ 
pling  of  the  fields  to  the  transmission  line  structure.  We 
calculated  the  E-field  without  the  presence  of  the  wir¬ 
ing.  The  mesh  size  of  the  structure  depends  on  the 
maximum  frequency  and  on  other  general  meshing- 
rules. 

The  first  transmission  line  configuration  was  a  single 
wire  above  ground.  The  ends  of  the  line  were  loaded 
with  50  Q  resistors.  The  measured  interference  voltage 
at  the  50  Q  resistor  is  compared  with  a  full  wave  solu¬ 
tion  (MoM)  and  with  the  solution  of  the  topological 
approach  (see  Figure  10). 
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In  general  the  results  are  in  a  good  agreement.  The 
method  of  moments  and  the  topological  approach  de¬ 
liver  almost  identical  results.  The  measurements  indi¬ 
cate  the  same  resonance  frequencies,  and  also  the  am¬ 
plitudes  are  in  the  same  range  like  the  simulations. 

One  reason  for  the  higher  value  at  600MHz  is  the  non 
perfect  model  of  the  PC  housing:  The  real  housing 
exhibits  a  surrounding  small  slit  which  resonates  at  600 
MHz.  This  is  not  the  case  in  the  computational  models. 
Another  source  of  errors  are  the  non  perfect  resistors. 
The  simulation  starts  with  ideal  50  Q  resistors  for  all 
frequencies  but  the  parasitic  effects  of  the  used  surface 
mounted  devices  are  not  to  be  neglected  above  1  GHz. 


interference  voltage  u2  (single  wire) 


Figure  10:  Interference  voltage  of  a  single  wire  con¬ 
figuration  in  the  PC  housing 


In  the  above  example  we  have  treated  a  very  simple 
configuration.  Therefore  the  advantages  of  the  topo¬ 
logical  method  against  a  full  wave  method  do  not  be¬ 
come  very  obvious.  However,  they  will  become  sig¬ 
nificant  in  cases  where  the  variation  of  load  elements  is 
required.  Then  a  full  wave  method  has  to  solve  the  full 
problem,  whereas  the  topological  method  has  only  to 
solve  the  transmission  line  problem,  since  the  external 
problem  does  not  change  (excitation  and  coupling  to 
the  interior),  and  the  previous  calculated  E-field  data 
can  repeatedly  be  used.  Also  (for  the  full  wave  solu¬ 
tion)  the  numerical  effort  increases  rapidly  for  more 
complex  cable  bundles  (real  wiring  with  10  or  more 
wires  and  dielectric  insulation)  and  exceeds  the  nu¬ 
merical  effort  for  the  external  problem  by  far.  In  addi¬ 
tion,  the  solution  time  of  some  full  wave  methods  (e.g. 
method  of  moments)  do  not  linearly  scale  with  the 
number  of  unknowns. 

Therefore,  the  advantage  of  the  topological  method 
depends  on  the  problems  under  study.  The  benefit  in 
time  can  be  immense.  We  calculated  problems  where 
the  topological  method  was  2000  times  faster  than  the 
method  of  moments.  Thus  we  can  perform  calculations 
within  seconds  instead  of  hours  or  days. 


6.  CONCLUSIONS 

The  electromagnetic  topology  can  be  considered  as  a 
helpful  tool  for  the  analysis  of  EMC  in  large  complex 
systems.  Many  applications  and  validations  have  been 
performed  in  the  past  [2],  The  above  sections  extend 
the  application  of  the  electromagnetic  topology  to  non- 
uniform  lines  and  thereby  the  discrepancies  between 
theoretical  or  numerical  models  and  the  real  world 
problems  can  be  decreased. 

The  basis  of  our  considerations  was  the  telegrapher 
equation  (3)  with  non-constant  parameters.  We  hope 
that  the  solution  of  this  equation  is  the  solution  of  die 
electromagnetic  problem  we  actually  want  to  solve. 
However,  one  has  to  be  aware  that  transmission  line 
theory  includes  some  approximations.  In  particular, 
these  approximations  are  the  assumptions  of  a  TEM- 
mode  and  the  absence  of  radiation  effects.  These  as¬ 
sumptions  may  become  invalid.  The  TEM  mode  is 
disturbed  in  a  nonuniform  line  and  also  at  the  termina¬ 
tions  of  the  line,  and  radiation  becomes  significant  at 
higher  frequencies. 

On  the  other  hand,  we  are  meanwhile  able  to  extend  the 
multiconductor  transmission  line  theory  to  include  the 
above  mentioned  phenomena  into  the  transmission  line 
parameters,  and  the  solution  (with  redefined,  complex 
transmission  line  parameters)  via  the  matrizant  will  be 
in  agreement  with  Maxwell’s  theory  [8,9], 

The  fast  computation  time  allows  a  statistical  analysis 
of  unknown  random  cable  layings.  This  leads  to  results 
on  bounding  values  and  probabilities  of  disturbances  in 
complex  systems,  but  can  also  include  statistical  varia¬ 
tions  of  production  series  (e.g.  tolerances  of  produc¬ 
tion). 
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This  paper  describes  a  hybrid  PEEC-MTL  me¬ 
thod  for  the  simulation  of  interconnection  structures 
in  the  time  and  frequency  domain.  The  interconnec¬ 
tion  structure  is  analyzed  and  subdivided  into  PEEC 
parts  modelling  the  nonuniform  regions  of  the  struc¬ 
ture,  and  into  transmission  line  parts  for  the  homo¬ 
geneous  ones.  To  maintain  the  model  accuracy  the 
cross  couplings  between  the  PEEC  and  the  TL  parts 
and  between  different  transmission  lines  are  conside¬ 
red. 

1  INTRODUCTION 

Short  switching  times  and  low  signal  levels  raise  the 
requirements  on  the  EMC  of  circuits  and  systems. 
Fast  switching  leads  to  internal  EMC  problems  (si¬ 
gnal  integrity,  overvoltages...)  and  enlarges  the  ra¬ 
diation  of  electromagnetic  fields  while  the  decrease  of 
signal  levels  increases  the  interference  susceptibility. 

Most  of  these  problems  are  related  to  the  wires 
and  transmission  lines  between  the  components  and 
units  of  a  circuit.  These  interconnection  structures 
may  be  effective  transmitting  and  receiving  antennas 
since  they  are  often  electrically  long.  Their  parasi¬ 
tic  capacitances  and  inductances  influence  the  beha¬ 
viour  of  the  circuit  and  lead  to  switching  impulse 
voltages,  ringing,  crosstalk  etc.  . 

To  keep  the  costs  for  EMC  measures  and  re¬ 
designs  low,  accurate  and  efficient  simulation  models 
are  needed,  that  allow  the  analysis  of  the  electronic 
circuit  including  the  effects  of  interconnections.  This 
models  have  to  be  valid  in  the  time  and  in  the  fre¬ 
quency  domain,  because  electronic  components  are 
nonlinear  and  often  a  linearization  is  not  allowed.  A 
further  requirement  on  the  model  is  the  possibility 
to  integrate  it  into  a  circuit  simulation. 


A  general  method,  that  was  developed  to  inclu¬ 
de  interconnection  effects  into  circuit  simulations,  is 
the  Partial  Element  Equivalent  Circuit  (PEEC)  me¬ 
thod.  This  method  was  developed  by  Ruehli  ([4]  ) 
and  gives  a  circuit  interpretation  of  the  Electrical 
Field  Integral  Equation  (EFIE). 

Another  type  of  an  interconnection  model  suita¬ 
ble  for  circuit  simulations  is  the  transmission  line 
(TL)  model.  Compared  to  PEEC  models  TL  models 
are  fast  to  calculate.  But  they  are  limited  in  their  ap¬ 
plicability  to  long,  straight  conductors.  Further,  the 
conductor(s)  in  forward  direction  have  to  run  near 
and  parallel  to  their  return  conductor(s). 

The  idea  is  to  analyze  the  interconnection  struc¬ 
ture  and  to  use  TL  models  for  all  possible  parts  of 
the  structure.  The  remaining  parts  still  have  to  be 
modelled  using  the  PEEC  method,  and  a  coupling 
mechanism  between  the  TL  and  the  PEEC  parts  and 
between  the  transmission  lines  has  to  be  included. 

In  the  following  the  fundamentals  of  the  PEEC 
method  are  described  briefly.  To  show  the  relati¬ 
ons  between  TL  and  PEEC  models  the  telegraphers 
equations  will  be  derived  from  a  PEEC  point  of  view. 
Basing  on  this  the  principle  of  the  PEEC-TL  coup¬ 
ling  is  explained  in  section  4. 

2  THE  PEEC  METHOD 

The  derivation  of  the  PEEC  model  starts  from  the 
equation  of  the  electric  field  E(r)  at  an  observation 
point  r  in  space  as  the  sum  of  an  external,  incident 
field  and  the  scattering  field  E^s\ 

£{r)  =  E®  [r)  +  E{s)  (f) 

=  m  (r)-^P -grader)  ^ 
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The  scattering  field  is  calculated  with  the  help  of 
the  magnetic  vector  potential  A  and  the  scalar  elec¬ 
tric  potential  (p. 

A(r,t)  =  /i  J  G  (r,  rq)J{rq,t-  r)dVq  (2) 


•  surface  cells  that  carry  the  charges 

•  volume  cells  that  lead  the  currents. 

Surface  cells  and  volume  cells  are  shifted  against  each 
other  by  half  of  the  cell  length  lm.  This  approximates 
the  gradient  at  r  in  (4d)  as  the  potential  difference 
between  the  ends  of  the  volume  cell  at  r. 


<p(r,t)  =  ^  J  G  (r,  fq)  p(rq,t  —  r)  dVq  (3) 

Including  this  equations  into  (1)  and  laying  the 
observation  point  on  the  conducting  structure  the 
EFIE  is  derived. 


-E^  (jfj) 

(4a) 

+  -JL  ( f,t ) 

K 

(4b) 

(4c) 

vq 

+  ^  grad  J  G  (r,  rq)  p  (rq,  t  -  r)  dVq 

(4d) 

The  term  (4a)  describes  the  external  electric  field 
The  second  term  is  the  electric  field  part  cau¬ 
sed  by  the  the  conduction  current  density  J  and  the 
conductivity  k  at  the  observation  point. 


surface 

cell 


Figure  1:  Volume  cell  with  two  surface  cells 


The  term  (4c)  calculates  the  part  of  the  electric 
field  generated  due  to  the  time  derivatives  of  the  cur¬ 
rent  densities  in  the  source  volume  Vq.  The  contri¬ 
bution  of  the  different  current  densities  in  the  source 
volume  to  the  electric  field  at  the  observation  point  is 
weighted  with  the  Green’s  function  G  ( r ,  rq)  for  the 
free  space. 


G{f,fq) 


1 


47r  |r  —  rq\ 


The  last  term  in  the  EFIE  describes  the  contri¬ 
bution  of  the  charges  in  the  source  volume  to  the 
electric  field. 

The  PEEC  method  requires  a  particular  discreti¬ 
zation  scheme.  Like  shown  in  figure  1,  the  structure 
has  to  be  divided  into  two  kinds  of  cells: 
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Figure  2:  Equivalent  circuit  of  a  volume  cell  and 
two  surface  cells  (see  figure  1) 


For  the  approximation  of  the  charge  and  the  cur¬ 
rent  distribution  constant  spatial  basisfunctions  are 
used.  To  transform  the  discretized  EFIE  into  an 
equivalent  circuit,  the  electric  field  at  the  observa¬ 
tion  point  is  integrated  along  the  cell  length.  Since 
the  line  integral  of  the  electric  field  gives  a  voltage, 
the  resulting  equation  can  be  interpreted  with  Kirch- 
hoff’s  Voltage  Law.  In  consequence,  the  equivalent 
circuit  in  figure  2  and  the  relations  for  the  calculation 
of  the  circuit  parameters  are  derived. 

The  calculation  of  the  partial  inductances  Lp  and 
the  coefficients  of  potential  P  are  of  larger  comple¬ 
xity.  In  general  they  are  calculated  as  follows. 


Lpmn  /  /  /  /  G  (r ,  V g)  din  ’  dlmdcind&n 

J  J  J  J 


dm  dn  lm  ln 


Pij  - — I —  j  [  G{f,fq)dasidasj 
easiasj  J  J 


(5) 

(6) 


If  the  interconnections  are  divided  into  rectangu¬ 
lar  cells,  closed  form  solutions  for  this  integrals  are 
available  from  [1]. 


3  PEEC  AND  TL  MODELS 
FOR  A  HOMOGENEOUS 
TRANSMISSION  LINE 

Next  the  relations  between  TL  and  PEEC  models 
will  be  considered  in  the  frequency  domain  at  the  ex¬ 
ample  of  a  lossless  wire  above  perfectly  conducting, 
infinite  ground  (see  figure  3). 
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Figure  3:  Round  wire  above  perfectly  conduc¬ 
ting  ground 


Assuming  the  thin  wire  approximation 

a  <<  2 h  and  2 h  «  A  (7) 

the  volume  integrals  for  the  calculation  of  the  poten¬ 
tials  change  to  line  integrals. 


OO 

(wq)dwq  (8) 

—  OO 


OO 

g(w,wq)q{wq)dwq  (9) 

—  OO 


h<»>  =  jk  / 


—  (™)  =  47T  /  s{w,wq)h 


The  influence  of  the  perfectly  conducting  ground 
is  included  using  the  image  principle.  Due  to  this 
the  Green’s  function  changes  to 


,Wg)  = 

e-W** 

(10) 

Ri 

Ri 

Ri  = 

\J(w  -  Wg)2  +  a2 

(11) 

R2  =  \ 

/ (w  -  wq)2  +  Ah2. 

(12) 

Due  to  (7)  the  complex  Green’s  function  g  ( w ,  wq ) 
can  be  simplified  to  the  static,  real  function 

go{w,wq)  =  -i-  -  (13) 

ri  i  r 12 

The  reason  for  this  is  the  strong  selectivity  of  the 
Green’s  function.  Only  sources  near  the  observation 
point  have  a  significant  influence  on  the  values  of  the 
potentials  A  and  <p.  This  has  two  consequences: 

1.  The  retardation  can  be  neglected  for  this 
sources,  because  2 h  «  A  has  to  be  valid,  too. 


2.  Since  the  unknowns  and  q  are  inside  the  re¬ 
aching  distance  of  the  Green’s  function  appro¬ 
ximately  constant,  they  can  be  excluded  from 
the  integration. 


J  go{w,wq)X  (wq)  dwq 


X 


g0(w,Wg)dwq 


The  calculation  of  the  potentials  changes  then  to: 

OO 

Az  (w)  -  Iz  (w)  ~  J  g0(w,Wg)dwq 


r  ,  x  M  ,  2h 

=  4M^ln~ 


(14) 


OO 

(£ (w)  =  <?  (ru) J  g0{w,Wg)dwq 


,  ,  1  ,  2ft 

s - v - ' 

1/C' 


(15) 


Applying  eq.  (1)  in  the  frequency  domain  to  our 
transmission  line  arrangement  we  obtain 

Ez(w)  =  Ez{t)  (w)  -  jojAz  (w)  -  ~  .  (16) 

Since  the  wire  is  ideal  conducting,  Ez(w)  is  zero.  In¬ 
serting  equation  (14)  into  equation  (16)  leads  to  the 
first  telegraphers  equation: 

ju>L%  (w)  +  (re) .  (17) 

The  voltage  between  the  wire  and  the  groundplane 
U  (w)  is  equal  the  potential  of  the  wire  ip  ( w )  if  on¬ 
ly  the  TEM  mode  exists.  The  second  telegraphers 
equation 


dlz  ( w ) 

-4^+jwC'DH  =  0  (18) 

dw 

is  derived  from  the  continuity  equation  and  eq.  (15). 

To  show  the  relations  between  the  per  unit  length 
parameters  used  in  the  telegraphers  equations  and 
the  partial  elements  used  in  the  PEEC  models  the 
thin  wire  approximation  is  applied  to  the  equation 
for  the  partial  inductances  (5) 


Lpmn  —  / 

“  [gO  (W,Wg)dWg 

lm 

in 

(19) 


The  inner  integral  represents  the  contribution  of  the 
line  element  ln  to  the  mutual  per  unit  length  induc¬ 
tance  at  the  point  w.  The  outer  integration  over  lm 
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sums  up  all  these  contributions  to  the  mutual  par¬ 
tial  inductance  Lpmn.  To  derive  the  per  unit  length 
inductance  of  a  transmission  line  arrangement  from 
the  partial  inductances  all  N  partial  inductances  of 
the  wire  to  the  cell  m  at  the  observation  point  w 
have  to  be  summed  up. 

1  N 

L'm  =  -^Lpmn  (20) 

Lm  n=l 

4  COUPLING  PEEC  AND  TL 
MODELS 

Our  former  work  (e.g.  [5])  was  focused  on  TLs.  We 
created  a  model  for  smooth  coupling  of  PEEC  and 
TL  models  in  a  homogeneous  region  of  a  TL.  Thus  we 
are  able  to  model  discontinuities  and  nonuniformities 
of  TLs  accurately  by  PEEC  models  and  to  couple 
them  to  TL  models  for  the  remaining  homogeneous 
parts.  In  more  general  and  comprehensive  structures 
couplings  may  be  along  the  whole  transmission  line 
and  between  different  and  even  non  parallel  running 
transmission  lines,  too. 

Unlike  in  [2]  our  basic  idea  is  now  not  to  reduce 
the  size  of  the  system  matrix  but  to  make  it  mo¬ 
re  sparse  taking  into  account  the  knowledge  about 
transmission  lines.  To  do  this,  first  the  interconnec¬ 
tion  structure  is  analyzed  to  find  wires,  that  run  par¬ 
allel  to  the  groundplane.  Further  bends,  junctions 
and  changes  in  the  cross-section  are  separated.  Ad¬ 
ditional  effort  has  to  be  spend,  if  wires  run  parallel 
in  close  vicinity.  In  this  case  multi-conductor  trans¬ 
mission  lines  have  to  be  generated. 


In  consequence  a  reordered  PEEC-(M)TL  mo¬ 
del  exists.  The  PEEC  model  is  now  separated  in 
a  PEEC  part  and  a  part  of  lumped  LC  transmissi¬ 
on  lines.  The  coupling  between  the  PEEC  cells  and 
the  LC  segments  is  identical  to  the  coupling  between 
the  PEEC  cells.  The  values  for  the  transmission  line 
parameters  are  calculated  like  in  equation  (20) . 

5  EXAMPLE:  MULTI  WIRE 
CONFIGURATION  ABOVE 
PERFECT  GROUND  PLANE 

Our  example  is  the  problem  14  of  the  benchmark 
catalog  [3].  A  multi  wire  configuration  above  a  per¬ 
fect  ground  plane  is  excited  by  a  homogeneous  plane 
wave  (see  figure  4) . 

All  wires  have  a  radius  of  a  =  1, 75 mm.  In  or¬ 
der  to  simplify  the  numerical  analysis  a  resistance  of 
R!  =  2 Q/m  shall  applied  to  all  wires.  The  configu¬ 
ration  is  excited  by  a  homogeneous  plane  wave.  The 
field  strength  rises  to  its  end  value  of  E  =  1  V/m  wi¬ 
thin  tr  =  3ns.  The  wave  vector  k  —  -^=(ex  -  ez)  lies 
in  the  xz-plane,  while  the  vector  of  the  electric  field 
E  is  directed  in  the  negative  y-direction.  The  task  is, 
to  calculate  the  current  at  the  feeding  points  of  the 
wires  3  and  4  in  the  time  domain  for  t  =  0..  100ns. 

The  structure  was  subdivided  into  5cm  long  cells. 
This  allows  a  treatment  up  to  about  500MHz.  Be¬ 
cause  the  height  of  the  wires  above  the  ground  is 
10cm,  the  transmission  line  models  are  valid  up  to 
about  150MHz. 


Figure  4:  Configuration  of  the  example 
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To  verify  the  PEEC  model,  its  results  are  compa¬ 
red  with  results  from  the  Method  of  Moments  code 
Concept  in  figure  5.  Since  they  show  a  good  agree¬ 
ment,  we  use  the  PEEC  model  as  the  reference  for 
the  coupled  PEEC-MTL  model  in  the  time  domain. 
To  the  results  in  figure  5  it  should  be  mentioned, 
that  they  were  obtained  using  a  constant  electric  field 
strength  of  E  =  IV /m  for  all  frequencies. 


0  100M  200M  300 M  400M  500M 

Frequency  In  Hz 

Figure  5:  Verification  of  the  PEEC  model  in  the 
frequency  domain 


Next  the  results  of  the  transient  simulation  of  the 
PEEC  and  the  PEEC-MTL  model  are  compared  in 
figure  6.  Two  kinds  of  PEEC-MTL  models  are  trea¬ 
ted.  The  model  PEEC-MTL  1  includes  the  coup¬ 
lings  between  the  PEEC  cells  and  the  segments  of 
the  LC  transmission  lines  and  between  the  segments 
of  different  transmission  lines.  In  the  model  PEEC- 
MTL  2  both  kinds  of  additional  couplings  are  not 
included  and  it  can  be  seen  clearly,  that  this  leads  to 
larger  errors  in  the  calculated  response. 


0,0  20, On  40, On  60, On  60, On  100,  On 


Time  In  s 

Figure  6:  Current  thru  the  feeding  point  of  wire 
3  in  the  time  domain 


The  differences  between  the  PEEC  and  the  PEEC- 
MTL  1  model  are  caused  mainly  due  to  high  frequen¬ 
cy  components  in  the  excitation  function.  Since  the 
transmission  line  part  doesn’t  include  retardation, 
radiation  loss  is  not  included  and  a  larger  overshot  is 
obtained.  The  much  larger  differences  between  the 


PEEC  and  the  PEEC-MTL  2  model  result  from  mis¬ 
sing  couplings. 

Finally  the  simulation  times  on  a  Pentium  II  / 
400MHz  processor  are  compared: 

•  106s  to  simulate  the  PEEC  model, 

•  52s  to  simulate  the  PEEC-MTL  1  model  and 

•  14s  to  simulate  the  PEEC-MTL  2  model. 

6  SUMMARY 

Unlike  other  methods  for  the  coupling  of  Full  Wave 
models  with  TL  models  our  basic  approach  speeds 
up  the  simulation  by  thinning  out  the  system  ma¬ 
trix.  To  maintain  the  accuracy  of  the  model  a  cross¬ 
coupling  between  the  PEEC  cells  and  the  TL  models 
and  between  different  transmission  lines  is  necessa¬ 
ry.  To  permit  this  cross-coupling  no  longer  built-in 
distributed  TL  models  can  be  used.  Instead  they  are 
discretized  models  able  to  cross-coupling. 

Since  the  approach  outgoing  from  the  PEEC  sy¬ 
stem  matrix  is  very  general,  it  can  be  applied  to  all 
kinds  of  interconnection  structures.  The  degree  of 
thinning  out  the  matrix  nd  speeding  up  the  calcula¬ 
tion  depends  on  how  many  parts  of  the  whole  struc¬ 
ture  fulfil  the  presumptions  formulated  in  section  4. 
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In  a  lot  of  cases  the  shielding  effectiveness  of  a 
shielding  structure  is  determined  by  apertures  that  have 
to  be  present  for  different  practical  reasons.  In  order  to 
try  to  minimize  the  unwanted  coupling  between  the 
external  environment  and  the  shielded  volume  due  to  the 
apertures,  they  are  often  loaded  with  different  media. 
The  analysis  of  the  shielding  performances  of  loaded 
perforated  shields  is  here  presented.  The  analysis  is 
performed  through  a  suitable  formalism  in  the  spectral 
domain,  which  leads  to  a  circuit  interpretation  of  the 
electromagnetic  problem.  The  network  analysis  yields  a 
sort  of  Wiener-Hopf  equation  that  can  be  iteractively 
solved  through  the  Method  of  Moments,  until  the 
required  accuracy  is  reached.  The  considered  analytical 
approach,  suitable  for  any  kind  of  aperture,  is  validated 
through  an  experimental  analysis  of  a  typical 
configuration  of  practical  interest  showing  a  good 
agreement  of  the  measured  and  predicted  data. 


1.  INTRODUCTION 

Electromagnetic  shields  are  widely  introduced  in 
different  systems  in  order  to  prevent  unwanted  coupling 
effects  between  the  considered  system  supporting  the 
shield  and  the  electromagnetic  environment  in  which  it 
has  to  work. 

In  fact,  on  one  hand,  the  proliferation  of  electronics 
in  different  applications  and  the  increasingly  higher 
working  speed  of  it,  and  on  the  other  side,  the  increasing 
number  of  possible  sources  of  electromagnetic  noise, 
natural  (such  as  lightning)  but  now  mostly  artificially 
introduced  (such  as  RF  emissions,  broadcasting 
systems,  high  power  radars,  high  power  microwave 
weapons  [1]  or  even  electromagnetic  pulses  produced 
by  nuclear  high  altitude  explosions  [2],  [3]),  yields  the 
importance  of  controlling  effectively  the  penetration  of 
unwanted  electromagnetic  fields  into  sensitive  systems. 


The  typical  solution  to  the  previous  problem  is  the 
introduction  of  a  metallic  enclosure  in  order  to  avoid 
electromagnetic  coupling  between  the  inner  and  the 
outer  volume. 

The  shielding  effectiveness  that  can  be  obtained  by 
the  introduction  of  a  solid  metallic  shield,  without  any 
aperture,  is  extremely  high,  but  unfortunately  this  is 
only  a  very  ideal  option;  in  fact,  any  real  shielding 
enclosures  presents,  for  different  practical  reasons, 
apertures,  gaskets  and  other  weak  elements  that  affect 
dramatically  the  shielding  effectiveness  of  the  whole 
structure. 

In  order  to  minimize  the  coupling  effects  due  to  the 
presence  of  apertures,  a  possible  solution  is  to  try  to 
load  the  apertures  with  different  layered  media  [4]. 

Unfortunately,  the  computation  of  the  shielding 
effectiveness  of  a  structure  containing  a  loaded 
perforated  shield  is  not  simple  also  from  a  numerical 
point  of  view,  because  of  the  complexity  of  the 
boundary  conditions. 

The  analysis  of  the  electromagnetic  coupling 
between  two  different  regions  divided  by  a  metallic 
shield  presenting  apertures  has  been  widely  studied  in 
the  spatial-natural  domain  by  different  authors,  for 
example,  in  [5],  [6],  but  these  kinds  of  approaches,  very 
effective  considering  a  perforated  shield  in  free  space, 
do  not  stand  if  loaded  apertures  are  considered. 

Furthermore,  in  [4]  the  penetration  of 
electromagnetic  fields  through  loaded  apertures  is 
addressed,  again  in  the  spatial-natural  domain,  but  just 
considering  resistive  loading  media. 

In  order  to  develop  a  more  general  approach  that  let 
us  consider  any  kind  of  linear  stratified  structure  as 
loading  medium,  for  example,  isotropic  or  anisotropic 
dielectrics,  with  and  without  losses,  chiral  materials, 
biisotropic  materials,  pseudo-chiral  omega  media, 
bianisotropic  media  or  any  complex  layered  structure 
combining  them,  tire  double  spatial  Fourier  transform  is 
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introduced.  This  leads  to  a  suitable  formalism  in  the 
spectral  domain  rephrasing  the  electromagnetic  problem 
in  an  equivalent  circuit  network  model  problem  [7], 

The  circuit  network  approach  in  the  spectral  domain 
yields  a  sort  of  Wiener-Hopf  equation  that  can  be 
iteratively  solved  with  requested  accuracy  through  the 
Method  of  Moments  in  the  spectral  domain  with  the 
Galerkin  testing  scheme.  This  method  does  not  have  any 
restrictions  on  the  kind  of  apertures  or  on  the  kind  of 
linear  loading  materials  chosen. 

The  results  presented  in  literature  [4J,  [5],  [6]  can  be 
obtained  again  through  the  considered  approach  as 
particular  cases  (no  loading  media,  resistive  sheet  as 
loading  medium). 

Furthermore,  in  order  to  validate  the  here  presented 
method,  an  experimental  analysis  of  a  configuration  of 
particular  importance  has  been  performed  showing  a 
good  agreement  between  the  measured  and  the 
predicted  data,  even  considering  just  the  first 
momentum  in  the  mode  expansion  representation.  In 
fact  through  the  spectral  approach  it  is  also  possible  to 
obtain  a  better  fitting  of  the  experimental  data  taking 
into  account  more  terms  in  the  mode  expansion 
representation. 


2.  THE  CONSIDERED  PROBLEM 

Let  us  consider  the  structure  of  Fig.  1  representing  a 
perforated  shield  loaded  by  a  sequence  of  general 
bianisotropic  slabs. 

The  whole  stratified  structure  will  be  modeled  in 
terms  of  the  characteristic  impedance  [7],  The 
characteristic  impedance  of  the  complete  structure  is 
obtained  using  a  cascade  matrix  algorithm  [8], 


Incident  Wave 


Fig.  1 :  The  geometry  of  the  problem. 


The  considered  problem  may  be  faced  by  the 
introduction  of  the  equivalence  theorem  in  both  regions: 
region  1,  free  space  with  the  electromagnetic  source, 
and  region  2,  loading  media  and  electromagnetic  victim, 
splitting  for  a  while  the  coupled  problem  in  two 
subproblems. 

In  the  first  one,  dealing  with  region  1,  the  perforated 
shield  is  replaced  by  a  perfect  electric  conductor  on 
which,  in  order  to  take  into  account  the  effects  of  the 
apertures,  electric  and  magnetic  surface  current 
densities  are  induced: 

J  =  n  x  H 

—  ea  — a 

J  _  =  E  x  n 

— mo  — a 

where  E,  is  the  electric  field  and  H,  is  the  magnetic 

field  induced  by  the  source  on  the  apertures.  The 
electric  current  density  does  not  radiate,  while  the 
magnetic  one  is  the  radiating  term  that  acts  as  the  source 
for  the  region  2,  where  again  the  shield  is  substituted  a 
perfect  electric  conductor,  with  the  same  magnetic 
surface  current  density  of  region  1,  laying  on  a 
multilayered  structure. 

Let  us  introduce  the  spectral  representation  of  the 
magnetic  current  density  and  of  the  transverse 
components  of  the  electric  and  magnetic  fields  in  both 
regions 

Yte)  =  jE,(p)efeEdp 

S 

Ite)  =  jHt(p)xzej-edp 

s 

V(g)  =  J  z  x  J^p)  eJg-dp  =  J  Ea(p)  eJgedp 

s  s 

where  o  is  tire  spatial  frequency  vector,  p  the  position 
vector. 

It  is  now  possible  to  rephrase  the  original 
electromagnetic  problem  in  an  equivalent  circuit 
network  problem  in  the  spectral  domain.  In  Fig.  2,  the 
equivalent  circuit  model  for  region  1  is  depicted. 


Fig.  2:  Equivalent  circuit  model  for  region  1. 
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The  circuit  solution  yields  the  following  relation  in 
the  spectral  domain 

i,(o.)  =  z;,2v,-z;1v 


Fig.  3:  Equivalent  circuit  model  for  region  2. 
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Fig.4:  Complex  dielectric  constant  of  the  inserted 
medium. 


In  a  similar  way,  the  equivalent  circuit  model  for 
region  2  is  reported  in  Fig.  3,  and  the  value  of  the 
equivalent  current  in  the  second  circuit  is 

i,(o+)  =  z;,v 

where  Z^  is  the  characteristic  impedance  of  the 

whole  loading  structure  seen  by  the  shield  [7], 

The  two  currents  are  exactly  the  same  on  the 
aperture  area  while  they  are  different  on  the  shield;  in 
fact  their  difference  may  be  written  as 

I,(0_)-I,(0+)  =  A_(g)  =  z0,2Vi  -(z;1  +ZT,)V 

The  previous  one  is  a  Wiener-Hopf  equation  since  it 
involves  in  the  same  structure  functions  defined  on 
complementary  domains:  A_  (a)  is  a  minus  function 
defined  only  on  the  shield,  while  the  equivalent  voltage 
generator  is  just  present  on  the  apertures.  (It  is  due  to 
the  magnetic  equivalent  current  density  at  the 
apertures.) 

It  is  possible  to  solve  the  previous  equation  in  a  very 
effective  way  by  using  of  the  Method  of  Moments  in  the 
spectral  domain. 

In  order  to  compare  the  measured  and  the  predicted 
data,  let  us  consider  now  a  very  simple  case  as  a  test  for 
our  approach:  the  perforated  shield  considered  from 
here  on  is  a  alluminium  sheet,  1mm  thick,  with  one 
circular  hole,  20mm  of  diameter,  loaded  by  an  isotropic 
dielectric  polyestere  slab,  5mm  thick,  (relative  dielectric 
constant  reported  in  Fig.4),  in  the  EMC  typical  band  of 
interest  for  compliance  testing,  30MHz-lGHz.  Many 
other  cases  have  been  considered,  both  analitically  and 
experimentally,  but  for  sake  of  simplicity  the  easiest 
problem  is  here  reported  without  loss  of  generality. 


The  main  idea  of  an  effective  analytical  application 
of  the  MOM  (Method  of  Moments)  is  to  choose  a 
proper  set  of  expansion  function.  The  best  choice  in  our 
test-case  is  to  choose  the  eigenmodes  of  the  circular 
waveguide  as  expansion  function  of  the  transverse 
electric  field  induced  on  the  aperture: 

Ea(p)  =  2Cmnel(p)  +  5XneL(p) 

mn  mn 

Since  the  problem  is  considered  in  the  low 
frequency  range,  only  the  first  eigenmode  can  be  taken 
into  account: 

E.(p)«Cne“(p) 

where 


is  the  scalar  generating  function  for  one  polarization 
(coscp)  for  the  first  eigenmode  (TEn)  of  the  circular 
waveguide  from  which  it  is  easy  to  obtain  [11]  the 

vectorial  eigenmode  function  e°  co¬ 
if  a  higher  accuracy  is  needed  it  is  sufficient  to 
introduce  more  terms  in  the  previous  expansion. 

In  order  to  obtain  the  shielding  effectiveness  of  the 
considered  structure,  the  spatial  Fourier  transformation 

of  the  e"  (p)  has  to  be  computed: 
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§11(9)  =  Je,Ii(P)eJs-dp  = 

s 

2rtgaJ,(x!)J0(oa)-x{J„(x!)Ji(ga) 

(^)2-<j2 

a 

It  is  now  possible  to  get  the  expansion  in  the  spectral 
domain  of  the  induced  voltages 


SEfc.d  =20  log  7^^— 

where  both  the  fields  may  be  computed  through  the 
previous  procedure,  in  fact 

E..a,„=^jz;'Ce”  e_Jse  do 


Y(a)  =  Ce“(a) 

and  the  Wiener-Hopf  equation  becomes 

A_(ct)  =  2  v‘  -  (z;1  +  z;1 )  C  e“  (ct) 

p 

Introducing  the  primary  current  I  (a) ,  just  due  to 
the  source  action,  and  the  equivalent  total  admittance  of 
the  circuit  F  t(g) 

IP(9)  =  £12V' 

(z;,+z;,)=F(g) 

tlie  Wiener-Hopf  equation  becomes 

A_(9)  =  f-Y  Ce“(g) 


and  the  otlier  field  may  be  computed  in  a  similar  way 
just  replacing  the  free  space  impedance  by  the 
characteristic  impedance  and  the  correct  value  of  the 
coefficient  C. 


Figure  5:  Total  predicted  shielding  effectiveness  just 
due  to  the  introduction  of  a  dielectric  slab  from  30 
MHz- 1  GHz. 


By  projection  on  the  Galerkin  testing  scheme  it  is 
possible  to  obtain  the  unknown  expansion  coefficient  C: 

0  =  7rTrllP(5)e"(-5)<l2 

(27C)  a 

-c— i-jfe;i(-CT)  Y  (g)e"(CT)dCT 

(In)2  { 

J IP  (9)§I!  (“9)d9 

C  = _ ? _ 

J§Il(-9)  Yt(CT)e"(g)dg 

c 

In  order  to  compare  the  predicted  results  with  the 
measured  results  the  shielding  effectiveness  just  due  to 
the  introduction  of  the  dielectric  slab  has  been 
considered: 


3.  MEASUREMENTS 

The  measurements  confirming  the  results  of  the 
calculations  have  been  performed  in  a  Dual-Coaxial- 
TEM-Cell,  Fig.6,  [10], 


Coupling  Window 


Fig.6:  Longitudinal-  and  cross-section  of  the  Dual- 
Coaxial-TEM  Cell 
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It  is  possible  to  describe  the  magnetic  and  the 
electric  coupling  between  the  two  single  cells  by  a 
coupling  capacitance  and  a  coupling  inductance 
between  two  transmission  lines,  shown  in  the  circuit 
model.  Fig.  7: 


f  [MHz] 


Fig.8:  Insertion  loss  of  a  20  mm  circular  aperture  due 
to  the  insertion  of  a  5  mm  polyester  plate. 


Fig.  7:  Circuit  model  for  a)  electric  coupling  and  b) 

magnetic  coupling  between  two  transmission  lines.  4-  CONCLUSIONS 


Excitation  of  transmission  line  1  influences  in 
transmission  line  2  the  voltage 


U„ 


2  jcoCi2ZLUi 

|  jcoC12ZLU,  + 1 


|j©C12ZLU, , 


The  effects  of  loading  media  on  apertures  have  been 
here  addressed.  A  general  formalism  has  been  presented 
and  on  the  particular  problem  of  a  circular  hole 
experimental  and  predicted  data  have  been  compared 
showing  a  good  agreement  The  same  method  applies 
also  to  other  apertures  loaded  with  general  linear  media 
without  restrictions. 


\oCnZLU}  «  1 


by  autocapacitive  coupling  and  induces  the  voltage 


by  autoinductive  coupling.  Here  Ui  is  the  voltage  at  the 
excited  line  1,  ZL  the  characteristic  impedance  of  the 
lines  and  Ci2,  M)2  the  coupling  capacitance  and 
inductance.  Using  the  circuit  model,  for  the  voltages  U„ 
and  Uf  measured  at  the  near  and  the  far  end  of 
transmission  line  2  one  obtains: 

Un=uc+um 
uf  =  uc-ura 

With  the  previous  equations  and  it  is  possible  to 
obtain  the  electric  and  the  coupling  separately. 
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Abstract  -  A  simple  and  accurate  model  for  base 
station  panel  antennas  is  proposed  for  dosimetric 
analysis.  A  unit  cell  of  the  antenna  is  modeled  and  is 
denoted  as  the  generic  model.  The  field  of  the  entire 
antenna,  denoted  as  the  synthetic  model,  is  obtained 
by  superposing  shifted  field  contributions  of  the 
generic  model.  Comparison  of  the  synthetic  model  with 
the  full  antenna  modeled  and  with  measurements 
illustrates  the  accuracy  of  the  synthetic  model. 

1.  INTRODUCTION 

The  densification  of  the  mobile  network  in  the  last  few 
years  manifests  the  tremendous  interest  of  the  public  in 
mobile  communications.  To  assure  the  safety  of  the 
users,  international  recommendations  such  as  ICNIRP 
Guidelines  have  been  elaborated  to  define  the 
authorized  limits  of  exposure  to  electromagnetic  fields 
[!]• 

The  assessment  of  the  radiated  fields  in  the  vicinity  of 
Base  Station  (BS)  antennas  can  be  carried  out  using 
both  measurements  and  simulations.  Both  approaches 
are  complementary,  and  allow  one  to  scan  the  entire 
volume  surrounding  the  antenna.  Simulation  approach 
is  of  particular  interest  since  it  can  be  used  to  verify 
measurements  on  the  one  hand,  and  to  extrapolate  these 
results  outside  the  accessible  volume  where 
measurements  can  be  performed  on  the  other  hand. 

Various  types  of  antennas  are  used  by  mobile 
operators,  although  the  most  commonly  used  are  panel 
antennas  which  comprise  an  array  of  radiating  elements 
in  front  of  a  metallic  reflector.  These  antennas  can  vary 
in  size,  in  the  reflector  geometry  and  in  the  radiating 
elements,  e.g.,  dipole  or  patch  antenna,  according  to  the 
need  of  geographical  coverage.  New  antennas  are 
regularly  introduced  in  the  network  due  to  its  fast 
evolution  and  the  introduction  of  new  technologies, 
such  as  cross  polar  dual  band  antennas  etc.  A  full  wave 
modeling  of  all  the  antennas  in  the  network  for 
dosimetric  purposes  is  impractical.  A  more  realistic 
approach  is  to  introduce  one  or  a  few  representative 


models  for  base  station  antennas  that  satisfies  the 
manufacturer  specifications. 

The  purpose  of  this  work  is  to  present  a  simple  and 
accurate  model  for  BS  panel  antennas  which  we 
denote  as  synthetic  model.  This  model  is  generated  in 
two  parts.  First,  a  one  unit  cell  element  of  the  entire 
antenna,  denoted  as  a  generic  model,  is  derived.  Then, 
the  fields  of  the  entire  antenna  are  obtained  by 
superposing  shifted  field  contributions  of  the  generic 
model.  We  consider  a  model  of  a  BS  antenna  to  be 
representative  if  it  satisfies  the  specifications  for  the  3 
dB  aperture  in  the  E  and  H  (vertical  and  horizontal) 
planes  and  the  maximum  gain  of  the  main  lobe.  A 
linear  feeding  law  is  assumed  although  the  formulation 
remains  identical  for  any  type  of  feeding.  The  vertical 
aperture  specification  is  obtained  by  choosing  the 
appropriate  number  of  elements  in  the  array,  whereas 
the  horizontal  aperture  is  obtained  by  adapting  the  unit 
cell  geometry  via  an  optimization  procedure.  The 
synthetic  antenna  model  is  validated  by  comparing  its 
radiated  near  field  to  that  of  the  full  antenna  modeled. 
The  numerical  simulations  have  been  carried  out  using 
two  Method  of  Moment  (MoM)  based  codes:  MOMIC 
[2],  which  is  specialized  to  wires  and  wire-grid 
structures,  and  NEC-2  [3]  which  uses  both  wires  and 
patches. 

The  radiated  near  fields  have  been  measured  in  a 
volume  surrounding  the  antenna  using  a  detected  probe 
located  on  the  arm  of  a  robot.  The  good  agreement 
between  measurements  and  simulations  validates  the 
synthetic  model  and  put  forwards  the  importance  of 
numerical  techniques  to  extrapolate  measurement 
results. 

1 .  THE  SYNTHETIC  ANTENNA  MODEL 

Consider  an  array  of  three  dipoles  with  horizontal 
separators,  behind  a  metallic  reflector.  The  field  at  an 
observation  point  P  can  be  described  as  the  sum  of 
fields  radiated  by  the  three  dipoles  in  the  presence  of 
the  reflector  (Fig.  1)  as  written  in  (1).  The  subscript  V 
corresponds  to  the  dipole  number  that  generates  the 


field,  and  z,  denotes  the  coordinate  of  the  dipole  center 
along  the  z-axis. 

Ndip 

Knt(P)=  I  E«fcz  +  r«)  (D 

t=l 

The  separators  are  included  to  minimize  the  coupling 
between  any  given  dipole  and  its  neighboring  dipole 
images. 

Consider  a  unit  cell  comprising  a  dipole,  a  reflector  and 
two  separators  as  shown  in  Figure  2.  The  field  at  the 
point  P  in  front  of  the  full  antenna  (Fig.  1)  can  be 
approximated  by  adding  the  contributions  of  the  unit 
cell  near  field,  E at  appropriate  shifted  points  (Fig. 
2).  Assume  for  example  that  the  unit  cell  coincides 
with  the  j-th  unit  cell  of  the  full  antenna.  The  total 
electric  field  is  given  by 


Figure  1.  Three  radiating  dipoles  in  front  of  a  metallic 
reflector. 

The  approximation  (2)  is  particularly  good  due  to  the 
presence  of  the  separators  in  the  model,  as  will  be 
illustrated  in  the  numerical  examples. 


Figure  2.  Generic  model  consisting  of  one  unit  cell  of 
the  antenna  array. 

The  choice  for  the  unit  cell  geometry  is  of  particular 
importance  since  its  dimensions  can  be  varied  to  satisfy 
the  antenna  specifications: 

(i)  Maximum  gain 

(li)  3  dB  horizontal  aperture 

(Hi)  adaptation  at  nominal  frequency  bandwidth 

For  a  linear  array,  the  gain  in  dB  of  the  antenna,  Gu„„  is 
given  in  terms  of  the  gain  of  the  unit  cell,  G„„ : 

G ant  ~  'cell  +  20  log(AF)  - 1 0  log(iV cen )  (3) 

where  AF  is  the  array  factor.  The  maximum  gain 
satisfies 

Gr=Gr+io,o^«)  <4> 

From  (4)  we  get  the  value  required  for  the  maximum 
gain  of  the  unit  cell.  The  geometry  of  the  unit  cell  that 
satisfies  the  conditions  (i-iii)  is  obtained  via  a  simple 
optimization  procedure  such  as  the  Genetic  Algorithm 
[4],  and  is  denoted  as  the  generic  model. 

In  Figure  3  the  geometry  of  the  generic  model,  as 
prepared  for  NEC  2,  with  3  dB  horizontal  aperture  of 

6qP  =  90°,  and  a  gain  of  8  dBi,  is  presented.  We  note 

that  the  reflector  walls  have  been  modeled  as 
rectangular  boxes  as  required  by  the  magnetic  field 
integral  equation  formulation  used  in  NEC  2. 


Figure  3.  Generic  model  for  6^p  =90°  and  Gceti= 8dBi. 

Finally,  we  calculate  the  electric  field  radiated  by  the 
generic  model  at  a  volume  surrounding  it,  big  enough 
along  the  z-direction.  The  field  of  the  synthetic  model 
at  each  point  is  obtained  by  adding  the  shifted  field 
contributions  of  the  generic  model  using  (2). 
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2.  RESULTS 

In  this  section  we  compare  numerical  and  measurement 
results  for  a  GSM  Kathrein  K730370  antenna.  This  BS 
antenna  consists  of  an  array  of  four  dipoles,  and  will  be 
analyzed  at  frequency  of  900  MHz.  First,  we  compare 
the  numerical  results  for  the  of  entire  antenna  models 
obtained  by  NEC-2  and  a  customized,  extended  version 
of  MOMIC.  As  mentioned  in  the  introduction,  the  main 
difference  between  the  two  codes  is  that  MOMIC 
employs  wire  mesh  (grid)  to  model  conducting  surfaces 
(the  antenna  reflector  in  the  case  at  hand),  whereas 
NEC-2  utilizes  thick  walls.  The  wire-grid  model  of 
K730370  prepared  for  the  MOMIC  code  is  shown  in 
Figure  4.  The  model  consists  of  584  nodes  and  1099 
wires.  Each  wire  used  to  model  the  antenna  reflector 
was  assumed  to  have  a  radius  of  1  mm,  and  was  split 
into  two  segments.  Each  of  the  four  radiating  dipoles 
was  modeled  by  a  cylindrical  wire  having  a  3  mm 
radius;  the  wire  was  subdivided  into  8  segments.  The 
total  number  of  unknowns  (current  modes)  in  the 
problem  is  2737. 


x 


Figure  4.  Wire-grid  model  of  the  Kathrein  K730370 
antenna  for  the  MOMIC  code. 

In  Figures  5  and  6,  the  iso-level  lines  for  the  electric 
field  (RMS)  using  the  two  codes  are  plotted  in  the  E- 
and  H-  plane  respectively.  An  input  power  of  1  Watt 
has  been  used.  The  agreement  between  the  two 
methods  is  very  good,  and  the  small  differences  is  due 
to  the  different  thicknesses  used  to  describe  the 
reflector  walls. 


Figure  5.  Iso-level  lines  of  the  electric  field  in  the  E- 
plane  in  front  of  the  K730370  antenna,  using  the 
MOMIC  (solid  lines)  and  NEC  2  (dashed  lines). 


Next,  we  compare  the  synthetic  mode!  with  the  full 
antenna  modeled.  In  Figures  7  and  8  the  electric  field 
iso-level  lines  calculated  by  NEC  2  are  plotted  in  the 
E-  and  H-  planes  respectively.  The  input  power  of  1 
Watt  is  used. 


Figure  6.  Iso-level  lines  for  the  electric  field  in  the  H- 
plane  in  front  of  the  K730370  antenna  at  z=20cm, 
using  the  MOMIC  (solid  lines)  and  NEC  2 
(dashed  lines). 


Figure  7.  Electric  field  in  the  E-  plane  in  front  of  the 
K730370  antenna  using  the  synthetic  model  (dashed 
lines)  and  the  full  antenna  modeled  (solid  line). 


243 


Figure  8.  Electric  field  in  the  H-  plane  for  the  K730370 
antenna  at  z=20  cm  using  the  synthetic  model  (dashed 
lines)  and  the  full  antenna  modeled  (solid  line). 

The  excellent  agreement  between  the  two  approaches 
validates  the  synthetic  model  and  put  forwards  this 
approach  for  dosimetric  analysis  of  BS  antennas.  It  is 
noted  that  due  to  the  small  number  of  unknowns 
required  to  model  the  unit-cell  geometry,  the 
computation  time  for  the  synthetic  model  is  very  short, 
of  the  order  of  several  seconds.  Moreover,  the  model 
remains  accurate  for  bigger  antennas,  viz.,  arrays  with 
larger  number  of  radiating  elements. 


Measurements  of  the  electric  near  field  have  been 
carried  out  in  a  semi-anechoic  chamber  of  the  CNET 
using  an  £-field  probe  that  scans  the  entire  volume 
surrounding  the  antenna.  The  measurement  setup  is 
shown  in  Figure  9.  It  is  noted  that  for  small  distances 
from  the  antenna,  below  2m,  the  reflections  from  the 
metallic  ground  can  be  neglected. 

The  comparison  between  measurements  and 
simulations  using  the  synthetic  model  are  shown  in 
Figure  10.  A  Kathrein  K730370  antenna  has  been  used 
with  an  input  power  of  10  Watt. 

We  can  see  that  a  similar  field  pattern  is  obtained  using 
both  approaches,  and  that  the  £-field  simulated  results 
tend  to  overestimate  the  measured  results. 


E  plane 


Figure  10.  Comparison  of  the  electric  field  in  the  E- 
plane  using  the  synthetic  model  (solid  line)  and 
measurements  (dashed  line). 


3.  CONCLUSIONS 

A  synthetic  model  of  BS  panel  antennas  for  dosimetric 
analysis  has  been  presented.  The  model  is  based  on  the 
superposition  of  shifted  fields  radiated  by  a  generic 
antenna  which  is  a  single  unit  cell  of  the  antenna  array. 
The  comparison  with  the  full  antenna  modeled  as  well 
as  with  measurement  results  illustrates  the  accuracy  of 
the  proposed  model.  The  synthesis  of  a  few  generic 
antennas  can  be  used,  via  the  synthetic  model,  to 
represent  all  the  panel  antennas  utilized  by  the 
operator. 
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Figure  9.  Measurement  set-up  for  the  electric  field 
radiated  by  a  base  station  antenna. 
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The  purpose  of  the  paper  is  the  investigation  of 
patch  antennas  for  cellular  phones  in  order  to 
reduce  the  SAR  (Specific  Absorption  Rate)  inside 
the  human  head.  The  electromagnetic  problem  has 
been  solved  by  using  the  FDTD  (Finite  Difference 
Time  Domain)  method.  The  phone-head  position, 
as  requested  by  standards,  has  been  performed  by 
using  a  developed  in  house  pre-processor  able  to 
manage  the  3D  geometry  and  create  the  input  data 
file  for  the  electromagnetic  solver.  The  anatomical 
model  of  the  human  head  has  been  obtained  by  a 
MR  Images  segmented  in  order  to  distinguish 
different  tissues.  SAR  reduction,  radiation  patterns 
and  input  reflection  coefficient  have  been 
evaluated  to  satisfy  design  constraints. 

1.  INTRODUCTION 

Traditional  cellular  phones  use  wire  or  helix 
antennas  whose  radiation  pattern  in  free  space  is 
omnidirectional.  During  the  normal  use  of  the 
phone  the  power  in  the  angular  region  of  the  head 
is  absorbed  and  doesn’t  contribute  to  the  radiation. 
The  use  of  directional  antennas  is  of  interest  for 
the  following  reasons: 

»  reduction  of  the  electromagnetic  field,  and  as 
consequence  the  SAR,  in  the  head’s  tissues 
with  respect  to  traditional  antennas; 

■  limited  load  effect  of  the  head  on  the  matching 
parameters  of  the  antenna; 

■  greater  life  of  the  batteries  with  the  same 
performances  in  terms  of  link’s  quality; 

■  more  compact  cellular  phones. 

The  aim  of  this  work  is  the  evaluation  of 
SAR  inside  the  human  head  generated  by  models 
of  cellular  phones  equipped  with  patch  antennas, 
single  band  and  dual  band.  SAR  has  been 
computed  for  different  types  of  antennas  and 
compared  with  SAR  generated  by  A/4  monopole 
phone  in  order  to  determine  the  reduction  factor. 


The  Sn  coefficient  has  been  computed  to  evaluate 
the  input  matching  and  resonance  frequency  and 
the  frequency  bandwidth. 

The  patch  antenna  is  enclosed  inside  the 
phone’s  case  then  hidden  behind  a  plastic  cover. 
The  plastic  cover  could  change  the  frequency 
characteristics  of  the  antenna  then  has  been  taken 
into  account.  The  effect  of  the  source  position  on 
the  frequency  characteristics  has  been  evaluated 
for  one  model  of  patch  antenna  and  optimised  in 
terms  of  matching. 

The  radiation  patterns  of  the  simulated 
antennas  have  been  compared  with  the  radiation 
pattern  of  the  A/4  monopole  in  presence  and 
absence  of  the  head. 

2.  ELECTROMAGNETIC  MODELLISATION 

The  electromagnetic  problem  has  been  solved 
by  using  the  FDTD  technique;  the  grid  has  been 
truncated  by  using  RTABC  absorbing  boundary 
conditions  [1-3].  The  standard  technique  has  been 
extended  with  routines  able  to  analyse: 

•  thin  sheets  [4]  -  model  of  dielectric  or 
metallic  sheets,  parallel  to  the  co-ordinated 
planes,  whose  transversal  dimension  is 
smaller  than  a  space  discretization  step; 

•  coaxial  cables  [5]  -  analysis  of  coaxial 
cables  inside  the  FDTD  grid  modelled  as  a 
transmission  lines; 

•  thin  wires  [6]  -  analysis  of  metallic  wires 
whose  diameter  is  smaller  than  a  space 
discretization  step; 

•  near  field  to  far  field  transformation. 

The  anatomical  model  of  the  head  has  been 
obtained  by  means  of  the  following  procedure: 

■  Magnetic  Resonance  acquisition  (fig.  la) 
of  a  volunteer  head.  The  3D  model  is  the 
superimposition  of  a  set  of  planar  images; 

■  Recognition  and  labelling  process  based 
on  neural  network  techniques.  A  label  is 
associated  to  region  having  the  same  grey 
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level  relevant  to  a  tissue.  The  head  model 
has  been  labelled  with  36  tissues  (fig.  1b). 

■  Validation  by  radiologists.  Final  check  of 
the  recognition  process  and  correction  of 
errors,  if  necessary. 


Fig.  1.  Human  head  model:  a)  original  image  in 
grey  scale;  b)  the  same  image  labelled. 


The  geometry  of  the  problem  is  managed 
by  using  a  pre-processing  system  [7]  in  order  to 
align  the  model  of  the  phone  to  the  head,  as 
requested  by  CENELEC  ES59005  standard  [8]  in 
the  “Intended  Use"  position.  The  pre-processor 
performs  the  discretization  of  the  space,  creates 
the  input  data  files  for  the  electromagnetic  solver 
and  generates  graphical  file  to  check  the 
correctness  of  the  process;  the  discretization 
process  is  completely  automated. 

3.  SIMULATIONS 

The  idea  to  integrate  antennas  for  cellular 
phones  inside  the  case  offers  many  advantages 
with  respect  of  the  traditional  antennas,  like  the 
wire  and  the  helix  antennas.  Indeed,  apart  from  a 
lower  probability  of  breaks,  this  type  of  antenna 
reduces  the  power  absorbed  by  the  human  head. 
In  the  same  time  there  is  a  minimisation  of  the 
head  effects  on  the  antenna’s  radiation  pattern  and 
input  impedance.  For  these  reasons  patch 
antennas  are  often  indicated  as  "antennas  with  a 
low  impact  of  SAR".  On  the  other  hand  attention 
has  to  be  paid  the  SAR  inside  the  hand  and  its 
influence  on  the  far  field  and  matching  behaviour 
of  the  antenna.  The  greater  difficulty  in  the  design 
of  these  antennas  is  to  obtain  a  compromise  on 
the  dimensions,  which  have  to  be  compatible  to 
the  reduced  dimensions  of  the  phone’s  case,  and 
the  operating  characteristics  such  as  the  frequency 
bandwidth  and  reflection  coefficient. 

The  body  of  the  phone  has  been  simulated 
as  a  metallic  box  covered  by  a  plastic  sheet,  to 
represent  the  display  and  the  keyboard.  The 
dimensions  of  the  box  are  120x55x20  mm;  the 
plastic  layer  is  5  mm  thick;  permittivity  e  =  2.4  and 
conductivity  a  =  0.00325  [S/m].  Figure  2  shows  the 
position  of  the  A/4  wire  antenna  and  patch  antenna 
on  the  phone's  case. 

For  all  simulations  the  space  has  been 
discretized  in  cubic  cells,  1  mm  side,  obtaining  a 
very  accurate  definition  both  of  the  head  and  of  the 


antenna,  satisfying  the  FDTD  constraints  for  all  the 
considered  frequencies. 

An  averaged  power  of  250  mW  at  900  MHz 
and  an  averaged  power  of  125  mW  at  1800  MHz 
has  been  considered. 

The  code  runs  efficiently  on  a  parallel 
computer  with  low  computation  time. 


monopol* 


Fig.  2  a)  Metallic  box  equipped  with  A/4  wire 
antenna;  b)  Metallic  box  equipped  with 
patch  antenna 

4.  RESULTS 

The  output  of  the  code  consists  of  the  field 
distribution  in  the  analysed  space.  Results  have 
been  evaluated  and  compared  in  terms  of: 

■  SAR  values  averaged  as  requested  by 
standards  [8-9]  and  reduction  with  respect 
to  A/4  wire  antenna; 

■  Input  reflection  coefficient  considering  the 
phone  radiating  in  free  space; 

■  radiation  patterns  in  absence  and  in 
presence  of  the  head. 

4.1  Dual  band  PIFA  antenna 

The  dual  band  PIFA  (Planar  Inverted  F 
Antenna)  consists  of  two  patches:  the  first  has  a 
rectangular  shape  and  the  second  has  an  L  shape 
working,  respectively,  in  the  band  of  1800  MHz 
and  900  MHz.  The  antenna  is  connected  to  the 
ground  plane  by  a  short  and  it  is  feed  by  a  coaxial 
cable  (figure  3). 


Fig.  3  The  dual  band  PIFA  antenna 

A  prototype  has  been  manufactured;  figure  4 
shows  the  comparison  on  the  Su  parameter 
computed  by  the  FDTD  and  measured  in  free 
space. 
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Fig.  4  Comparison  between  the  reflection 
coefficient  Sn  measured  and  computed  for 
the  dual  band  PIFA  antenna 


Figure  5a  reports  the  radiation  patterns  for 
the  dual  band  PIFA  antenna  in  free  space  (black 
line)  and  in  presence  of  the  head  (grey  line)  at  900 
MHz;  figure  5b  shows  the  same  comparison  at 
1800  MHz. 


*  IWMIWMWI  I  ^/UUVI  I  IW  IVI  I  II  VI  I  LI  Ity  piCll  IG 

YX;  black  line  in  free  space  and  grey  line  in 
presence  of  the  head,  a)  at  900  MHz;  b)  at 
1800  MHz. 


The  electric  field  distributions  on  the  plane  of 
the  antenna  are  reported  in  the  figure  6;  it  can 
noted  the  part  of  the  antenna  that  is  working  at  the 
relevant  frequency. 


Fig.  6  Electric  field  distribution  on  the  plane  of  the 
antenna:  a)  900  MHz;  b)  1800  MHz 


4.2  WMSA  antenna 

The  WMSA  antenna  (Window-reactance-loaded 
Micro  Strip  Antenna),  figure  7,  is  constituted  by  a 
metallic  plane  on  which  there  are  two  apertures  to 
increase  the  electric  path  of  the  field's  lines.  The 
antenna  works  in  the  GSM1800  band. 

The  antenna  is  has  been  covered  by  a  plastic 
sheet  to  consider  the  plastic  cover  of  the  phone’s 
case.  Figure  8  shows  the  Sn  as  a  function  of  the 
position  of  the  feed  point  moved  toward  the 
aperture.  This  is  another  parameter  that  can  be 
used,  beside  the  dimensions  of  the  antenna  and 
apertures,  to  tune  the  antenna. 


Fig.  7  Geometry  of  the  WMSA  antenna 


Fig.  8  Sn  parameter  as  a  function  of  feed 
position.  It  can  be  noted  the  change  in  the 
centre  frequency  and  bandwidth. 


Figure  9  shows  the  radiation  patterns  in 
free  space  and  in  presence  of  the  head,  compared 
with  the  X/4  wire  antenna.  Figure  10a  shows  the 
electric  field  distribution  on  the  antenna’s  plane 
while  figure  10b  shows  the  plane  cutting  the 
antenna. 


Fig.  9  Radiation  patterns  on  the  plane  YX  at  1800 
MHz.  a)  in  free  space;  b)  with  the  head. 


Fig.  10  Electric  field  distributions,  a)  on  the 
antenna’s  plane;  b)  plane  crossing  the 
antenna. 


4.3  WDBP  antenna 

The  WDBP  (Windowed  Dual  Band  PIFA) 
antenna  is  modification  of  the  dual  band  PIFA  on 
which  there  are  two  apertures  in  the  direction  of 
the  length,  figure  11.  The  excitation  is  obtained  by 
electromagnetic  coupling  through  a  plane  below 
the  plane  of  the  antenna.  Figure  12  shows  the  Sn 
coefficient  on  both  the  GSM  bands. 
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Fig.  12  Reflection  coefficient  for  the  WDPB 
antenna. 


Figure  13  shows  the  electric  field 
distributions  for  the  antenna  working  respectively 
at  925  MHz  and  1795  MHz. 


Fig.1 3  Electric  field  distribution  on  the  plane  of  the 
antenna,  a)  at  925  MHz;  b)  at  1795  MHz. 


Figure  14  reports  the  comparison  on  the 
radiation  pattern,  in  free  space  and  in  presence  of 
the  head,  with  the  A/4  wire  antenna  at  925  MHz. 
Figure  15  shows  the  same  comparison  at  1795 
MHz. 


Fig.  14  Radiation  patterns  on  the  plane  YX  at  900 


Fig.  15  Radiation  patterns  on  the  plane  YX  at  1800 
MHz  band,  a)  free  space;  b)  with  the  head. 


Table  1  reports  the  SAR  values  for  the 
different  antennas  at  900  MHz  compared  with  SAR 


due  to  the  A/4  monopole  antenna.  SAR  has  been 
averaged  on  a  cubic  mass  of  1.0  and  10.0  g  as 
requested  by  standards  [8-9].  Table  2  gives  SAR 
values  at  1800  MHz.  SAR  has  been  computed 
considering  an  averaged  radiated  power  of  250 
mW  and  125  mW  at  900  and  1800  MHz, 
respectively.  The  SAR  difference,  with  respect  to 
the  A/4  monopole,  has  been  computed  as: 

A  _  10Q  ^^A/4  ~  SARantenna 
SAR  A/4 


Table  1: 

SAR  com 

parison  at  900  MHz. 

SARf  oa 

A 

SAR!  o.oa 

A 

Antenna 

[W/kg] 

[%] 

[W/kg] 

[%] 

A/4  monopole 

0.62 

0.49 

PIFA 

0.12 

80.6 

0.05 

89.8 

WDBP 

0.33 

46.7 

0.27 

44.9 

Table  2;  SAR  comparison  at  1800  MHz. 


SARi.oa 

A 

SARio.Oq 

A 

Antenna 

wmm 

mrnm 

HI 

mm 

0.31 

- 

0.16 

• 

PIFA 

0.12 

61.3 

0.04 

75.0 

WMSA 

0.11 

64.5 

0.05 

68.8 

WDBP 

32.2 

0.10 

mam 

Figures  16  and  17  show  the  comparison 
on  SAR  distribution  for  the  A/4  monopole  and 
WDBP  antenna  at  900  and  1800  MHz  respectively. 
SAR  has  been  normalised  to  the  maximum  SAR 
and  reported  in  logarithmic  scale  since  it  decays 
exponentially  inside  the  head.  The  pictures  shows 
the  plane  where  the  maximum  SAR  was  found. 


OdB 


Fig.  16  SAR  distribution  at  900  MHz  in  the  plane 
where  maximum  was  found,  a)  A/4 
monopole;  b)  WDBP  antenna. 


OdB 


Fig.  16  SAR  distribution  at  1800  MHz  in  the  plane 
where  maximum  was  found,  a)  A/4 
monopole;  b)  WDBP  antenna. 
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A  SAR  level  placed  at  half  grey  scale  means 
that  it  is  reduced  by  a  factor  1000  with  respect  to 
the  maximum  value.  Even  if  the  grey  scale  doesn't 
help  in  appreciate  the  SAR  distribution  it  can  be 
noted  the  different  penetration  at  900  and  1800 
MHz  and  also  the  lower  penetration  of  directional 
antenna  with  respect  to  the  monopole. 

By  observing  the  radiation  patterns  it  can 
be  noted,  for  ail  the  considered  antennas,  the 
lower  influence  of  the  head  with  respect  to 
monopole  antenna.  In  this  sense  the  head  affects 
lower  the  input  parameters  of  the  antenna 
maintaining  matching  with  the  RF  amplifier. 

The  effect  of  the  hand  holding  the  phone 
has  been  not  considered,  anyway  depending  on 
the  hand  position  it  could  affect  the  antenna 
behaviour.  The  effect  of  the  hand  on  radiation 
patterns  and  SAR  inside  the  hand  should  be 
investigated  to  increase  performances  of  the 
antennas. 

5.  CONCLUSIONS 

SAR  has  been  evaluated  inside  an 
anatomical  model  of  the  human  head  radiated  by 
different  types  of  patch  antennas  working  at  GSM 
900  and  1800  frequencies.  SAR  has  been 
compared  with  SAR  generated  by  a  model  of 
phone  equipped  with  7J4  monopole  in  order  to 
evaluate  the  reduction  factor  due  to  the  use  of 
directional  antennas. 

For  all  the  considered  antennas  both  at  900 
and  1800  MHz,  there  is  a  considerable  SAR 
reduction  inside  the  human  head. 

The  dimensions  of  the  antennas  are 
compatible  with  the  space  at  disposal  on  the 
phone’s  case.  The  effect  of  the  cover  and  the 
effect  of  the  position  of  the  feeding  point  has  been 
taken  into  account. 

The  FDTD  technique  has  shown  good 
performances  in  the  analysis  of  antennas, 
especially  if  used  on  parallel  computers  permitting 
to  obtain  very  low  computation  times. 
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In  this  paper  we  present  evaluation  techniques  for 
the  electromagnetic  field  levels  radiated  by  QntSnnds 
used  in  the  Radio  Base  Station  (RBS)  for  mobile 
services.  Theoretical  modelling  and  experimental 
results  are  explained  for  the  electromagnetic  field  in 
the  near  zone  of  the  antennas.  Besides,  a  numerical 
technique  for  the  calculation  of  the  electromagnetic 
field  levels  in  an  urban  area  is  presented. 

1.  INTRODUCTION 

The  ever  increasing  presence  in  many  countries  of 
RBS  for  mobile  communications  caused,  in  recent 
years,  a  growing  anxiety  of  people  living  close  to  RBS 
worried  about  the  biological  effects  of  electromagnetic 
pollution.  Moreover,  governments  in  many  countries 
have  established  very  stringent  exposition  limits  for  the 
levels  of  the  EMF  (electromagnetic  fields)  radiated  in 
the  radio-frequency  range.  The  Italian  law  regarding 
the  exposition  limits  for  the  electromagnetic  fields  [1] 
sanctions:  (Art.  4):  "...  in  correspondence  of  buildings 
used  for  permanencies  not  less  to  four  hours,  it  doesn  7 
must  to  be  exceed  the  fellow  frequency  independent 
values,  averaged  on  a  human  body  vertical  section 
equivalent  area,  and  over  a  time-slot  of  six  minutes:  6 
V/m  for  the  electric  field,  0.016  A/m  for  the  magnetic 
field  and  for  a  range  of frequency  between  3  MHz  and 
300  GHz,  0,1  W/m2  for  the  power  density  of  the 
equivalent  plane  wave."  As  a  consequence,  operators 
must  produce  documentation  more  and  more  detailed 
on  the  compliance  of  their  RBS  to  prescribed  limits.  In 
the  paper  we  will  present  efficient  methods  for  the 
evaluation  of  the  EMF  levels  radiated  by  RBS-antennas 
and  in  proximity  of  the  RBS  in  urban  areas. 

2.  NEAR  FIELD  ANTENNA  MODELS 

As  a  rule  the  EMF  radiated  by  a  RBS-antenna  is 
calculated  under  a  far-field  hypothesis,  that  is  the  gain 
function  G(6,  <p)  of  the  antenna  is  the  product  of  the 
radiation  patterns  in  the  vertical  and  in  the  horizontal 
plane  (fig.  1):  so  the  radiated  electric  field  results 


E(R,e,<p)  = 


^30  PG(0,<p) 


where  R  is  the  distance  from  the  antenna  and  P  is  the 
input  power. 

However  to  estimate  the  EMF  close  to  the  above 
kind  of  antenna  is  necessary  to  have  its  near-field  model, 
actually  the  far-field  limit  zone  can  be  more  than  forty 
meters,  but  the  distance  between  an  antenna  and  an  urban 
site  is  often  less. 

The  well-know  full-wave  tool  NEC  (Numerical 
Electromagnetic  Code)  [2]  gives  an  accurate  model  of 
the  antenna  in  its  near-field  zone,  but  it  requires  a  good 
knowledge  of  its  structure,  besides  the  computation  time 
is  expensive. 

The  methods  explained  in  this  paper,  calculate  the 
electromagnetic  field  radiated  in  the  near  and  far  zone  of 
antennas  by  considering  the  radiation  far-field  patterns 
and  the  dimensions  of  the  antenna  only. 

By  thinking  the  RBS-antenna  as  a  uniform  array 
(this  is  true  for  a  large  variety  of  radio  mobile  services) 
as  shows  on  fig.  1,  a  valid  alternative  to  the  full-wave 
tools  was  found.  A  first  method,  the  so-called  NFUA 
(Near  Field  Uniform  Array)  that  is  explained  on  [3], 
assumes  that  the  near-field  of  the  antenna  is  a  sum  of  the 
far-field  of  each  element. 

The  innovation  of  the  method  can  be  distinguished 
on  two  steps:  in  the  first  from  the  radiation  patterns  of 
the  antenna  an  algorithm  computes  the  number  N  of  its 
elements  and  the  distances  to  each  others  referred  to  the 
wavelength. 

In  die  other  step  an  FFT  algorithm  smoothes  the 
discontinuous  behaviour  of  the  single  element  radiation 
pattern  (for  details  see  [3]). 

The  other  method  that  we  have  developed  is  the  so 
called  NFUTD  (Near  Field  UTD):  it  is  based  on  the  UTD 
(Uniform  Theory  of  Diffraction)  described  in  [4],  and  it 
takes  [5]  as  one’s  starting  point. 

From  the  first  step  of  the  NFUA,  the  NFUTD  can 
describe  an  antenna  as  shown  in  fig.  1:  actually  N  and 
the  various  distances  are  known  (the  dimensions  are  got 
from  the  antenna  data  sheets). 

The  total  electrical  field  for  this  antenna  is  the  sum 
of  the  electric  field  radiated  from  the  array  elements  with 
its  components  reflected  and  diffracted  by  the  metallic 
plate  used  as  a  reflector: 


R 
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Eim^E!  +  E?  +  E?. 

i= 1 

Each  array  element  is  an  electric  dipole  of  finite 
length,  which  is  supplied  by  a  sinusoidal  electric 
current:  the  method  care  is  due  to  the  kind  of  relation 
used  for  the  EMF  of  the  dipole.  Actually  the  diffracted 
field  is  related  to  the  incident  one  by  the  following 
expression: 

Ed  =  Ei-D  A(s)  e-Jil 

where  D  is  the  diffraction  coefficient  dyadic;  if  the 

incident  field  changes  abruptly  the  diffracted  field  isn’t 
able  to  reduce  its  discontinuity  and  that  of  the  reflected 
one  when  they  cross  the  shadow  zone  limits. 

We  have  tested  various  forms  of  the  EMF  radiated 
by  an  electric  dipole,  but  the  expression  achieved  from 
the  electric  dipole  far-field  condition,  has  provided  the 
best  results:  fig.  2  and  fig.  3  shows  the  radiation 
patterns  in  the  vertical  and  horizontal  plane  coming 
from  measurements  and  NFUTD  method:  a  good 
agreement  was  found  over  the  20dB  level. 

We  have  considered  the  ED  component 
diffracted  by  both  edges  and  comers  of  the  metallic 
plate  (for  details  on  NFUTD  see  [6]). 

Both  methods  (NFUA  and  NFUTD)  reduce  the 
calculation  time  even  for  large  number  of  points  on 
which  we  evaluate  the  EMF,  and  they  need  a  simple 
definition  of  the  antenna  structure. 


7 


Fig.  2  Radiation  patterns  got  by  far-field  measurements. 


Fig.  3  Radiation  patterns  got  by  NFUTD  simulation. 

3.  NEAR  FIELD  MEASUREMENT  SYSTEM 

The  antenna  test  stand  is  a  system  specifically 
designed  for  planar  antenna  measurements.  It  is  outdoor 
equipment  installed  on  the  roof  of  CSELT  building.  The 
construction  was  mainly  built  of  dielectric  material  and 
supports  field  strength  measurements  of  antennas  in  the 
range  of  2.5m  (Z-axis)  by  18m  (X-axis)  (fig.  4).  The 
azimuth  positioner  supports  the  AUT  at  a  centre  height 
of  4.5  m,  by  means  of  a  mounting  pole.  A  complete 
rotation  over  360  degrees  can  be  accomplished  through 
an  R.F.  rotary  joint  mounted  in  the  positioner.  Anechoic 
panels  are  installed  on  the  roof  in  order  to  avoid 
reflections  and  the  instrumentation  and  data  recording 
system  are  located  in  an  indoor  laboratory.  The  antenna 
test  system  is  controlled  by  professional  stepping  motor 
drives. 

The  measured  results  shown  in  fig.  5  and  fig.  6  were 
obtained  by  using  a  frequency  selective  measurement 
set-up  equipped  as  follows.  The  electric  probe  is  a 
calibrated  dipole  (Anritsu  MP663A).  The  magnetic  probe 
is  a  calibrated  loop  Emco  (mod.  902).  These  are 
connected  through  a  cable  to  the  receiver  (HP  70000 
spectrum  analyser).  A  solid  state  power  amplifier 
connected  to  die  AUT  amplifies  the  signal  from  the 
tracking  generator  of  the  spectrum  analyser. 

A  monitor  system,  located  at  the  azimuth  positioner 
base,  comprising  the  directional  coupler,  the  power 
sensor  (HP8481A)  and  the  power  meter  (HP437),  is 
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permanently  connected  to  the  feed  line  in  order  to 
continuously  sample  the  RF  power  level. 

Spectrum  analyser  measured  data,  power  levels 
sampled  by  the  monitor  system  and  cable  attenuation 
are  used  to  compute  electric  field  values. 

A  specific  software  manages  the  measurement 
system  in  order  to  control  frequency,  power  level, 
azimuth  speed,  data  collection  as  a  function  of  the 
azimuth  and  X-Z  positions,  data  storage  and  output. 

By  little  modifying  the  instrumentation  set-up,  one 
could  substitute  the  frequency  selective  test  range 
(electric  dipole  and  magnetic  loop)  with  wide-band 
electric  and  magnetic  sensors. 

NaarFMdTaatRang* 


A.U.T. 


Fig.  4  Frequency  Selective  (a)  and  Wide-Band  (b)  Near 
Field  Test  Range. 

4.  RESULTS 

Now  we  give  an  overview  on  the  results  got  from 
the  numerical  methods  (i.e.  NEC,  NFUA,  NFUTD)  and 
measurements  comparison:  we  have  mapped  a  plane 
placed  around  the  antenna  to  get  an  isoline  ensemble  at 
different  values  (for  the  electric  field  only):  this  is 
shows  in  the  figures  7,8,9,10,11,12. 

For  the  NEC  model  only  we  have  done  a 
measurements  along  the  main  antenna  axle  (they  are 
showed  on  fig.5  and  fig.6):  the  middle  of  each  vertical 
stokes  locates  the  measured  value,  while  the  length  of 
the  stoke  is  due  to  the  measure  uncertainty  of  the 
electric  and  magnetic  field. 

The  uncertainties  are  due  to  different  contributes: 
absolute  uncertainty  of  the  dipole  calibration  (±0.5  dB), 
linear  uncertainty  of  the  spectrum  analyser  (±0.5  dB), 
residual  reflectivity  of  the  measurement  site  (±0.2  dB). 

The  total  uncertainty  is  obtained  from  the  sum  of 
the  previous  values  as  defined  in  the  standard  ISO 


TAG  4.  As  it  appears  from  fig.5  and  fig.6,  the  electric 
and  magnetic  field  values  provided  by  NEC  lies  in  the 
uncertainty  zone. 

In  the  NFUTD  besides  the  choice  of  the 
electromagnetic  field  relation,  there  is  that  the  UTD  is  a 
valid  theory  when  the  distance  between  two  elements 
that  interacts  each  other  (for  example  an  electromagnetic 
source  and  an  edge)  is  larger  than  a  quarter  of 
wavelength.  In  the  GSM  band  this  length  is 
L  =  A/4  =  8  cm  :  in  our  model  an  electric  dipole  may  be 
far  from  a  reflector  edge  less  than  8  cm. 


Fig.  5  Electric  field  (V/m)  computed  and  measured  at 
900  MHz. 


Fig.  6  Magnetic  field  (A/m)  computed  and  measured  at 
900  MHz. 
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Fig.  7  Electric  field  (V/m)  measured  (dashed  line)  and 
computed  by  NEC  (solid  line). 


Fig.  10  Electric  field  (V/m)  measured  (dashed  line)  and 
computed  by  NEC  (solid  line). 


Fig.  8  Electric  field  (V/m)  measured  (dashed  line)  and 
computed  by  NFUA  (solid  line). 


Fig.  11  Electric  field  (V/m)  measured  (dashed  line)  and 
computed  by  NFUA  (solid  line). 


Fig.  9  Electric  field  (V/m)  measured  (dashed  line)  and 
computed  by  NFUTD  (solid  line). 
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Fig.  12  Electric  field  (V/m)  measured  (dashed  line)  and 
computed  by  NFUTD  (solid  line). 
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5.  ELECTROMAGNETIC  FIELDS  IN  URBAN 
AREAS 

To  calculate  the  EMF  irradiated  in  an  urban 
environment  we  have  used  the  antenna  models 
described  above  with  a  ray-tracer  approach. 

The  high  number  of  points  that  covers  the  urban 
areas,  on  which  we  estimated  the  EMF  levels,  forced  us 
to  developed  an  acceleration  technique  that  reduce  the 
number  of  surface  (i.e.  the  building  walls)  considered. 

Our  acceleration  technique  is  a  combination  of  the 
painter's  and  z-buffer  algorithms  [7]:  a  3-D  image  is 
reduced  to  a  2-D  screen  by  a  perspective  view  from  a 
source  point,  so  only  the  visible  surface  appeared  on 
this  new  image.  Applying  this  method  to  a  ray-tracer, 
we  have  evaluated  the  direct  and  the  reflected  rays, 
therefore  the  EMF  due  to  them.  We  compute  the 
second  order  reflected  field,  in  which  the  reflection 
coefficients  depends  on  the  electromagnetic  feature  and 
thickness  of  the  buildings  walls  too. 

In  [8]  there  is  an  exhaustive  description  of  the 
acceleration  technique  that  we  have  developed. 

In  the  calculation  of  the  entire  EMF,  as  a  possible 
improvement,  we  will  consider  the  diffracted  field  by 
the  building  edges:  this  will  be  done  by  the  UTD. 

Fig.  13  shows  a  base  station  in  an  urban 
environment:  the  electric  field  (V/m)  is  computed  on 
the  buildings  surfaces  and  on  the  ground;  in  the  more 
darkness  zones  there  is  an  high  electric  field  value, 
while  the  existence  of  many  white  zone  is  due  to  the 
absence  of  the  diffracted  field. 
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Fig.  13  Three-sectorial  site  in  an  urban  environment. 
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The  role  of  head  tissue  complexity  in  the  peak  SAR 
assessm-ent  for  mobile  phones  was  investigated  by  us¬ 
ing  the  FDTD  method  in  conjunction  with  an  MRI- 
based  human  head  m-odel.  The  tissue  complexity  of 
the  head  model  was  changed  from  one  type  of  tis¬ 
sue  to  17  types  of  tissue.  The  results  showed  that, 
at  900  MHz  and  2  GHz,  the  homogeneous  modeling 
may  result  in  an  underestimate  about  20%  for  the 
\/2  monopole  antenna  mobile  phones  and  an  over- 
estim-ate  to  the  sam-e  extent  for  the  helical  antenna 
mobile  phones.  A  head  m-odel  with  a  simple  skin-fat- 
m-uscle-bane-brain  structure  seems  to  be  sufficient  to 
obtain  a  fairly  accurate  one-gram  or  ten-gram,  aver¬ 
aged  spatial  peak  SAR  value  from ■  computer  simula¬ 
tions  for  mobile  phone  compliance. 

1.  INTRODUCTION 

With  the  recent  rapid  increase  in  the  use  of  mo¬ 
bile  phones,  safety  guidelines  for  protecting  human 
beings  from  the  radio  frequency  exposure  have  been 
issued  in  various  countries  [1][2],  Especially,  since 
1996,  the  U.S.  Federal  Communication  Commission 
(FCC)  has  required  the  routine  specific  absorption 
rate  (SAR)  evaluation  prior  to  device  authorization 
or  use  [3].  According  to  the  FCC  rule,  any  mobile 
phone  has  to  be  evaluated  with  respect  to  the  SAR 
limit  using  either  phantom  measurement  or  com¬ 
puter  simulation.  For  computer  simulation,  human 
head  models  being  usually  derived  from  magnetic 
resonance  imaging  (MRI)  or  computed  tomography 
(CT)  scans  are  used.  However,  the  derived  head 
models  were  reported  with  various  tissue  complex¬ 
ities,  ranged  from  several  to  dozens  of  tissue  types 
[4]-[7],  while  an  actual  head  anatomically  has  over 
800  tissue  types.  Hombach  et  al.  and  Meier  et  al. 
numerically  analyzed  the  interaction  between  half¬ 
wave  dipole  antennas  and  human  head  models  and 
they  both  concluded  that  homogeneous  modeling  of 
human  head  is  suited  for  assessing  the  spatial  peak 
SAR,  although  it  is  hard  to  avoid  an  overestimate 
which  sometimes  may  exceed  40%  [5][6].  To  what 
extent  the  tissue  structure  complexity  gives  a  rea¬ 
sonable  SAR  assessment  remains  unclear.  Moreover, 


due  to  the  difference  in  the  interaction  between  dif¬ 
ferent  antenna  types  and  the  human  head,  the  an¬ 
tenna  type  should  affect  the  peak  SAR,  while  its 
dependence  on  tissue  complexity  also  remains  un¬ 
clear. 

The  objective  of  this  paper  is  to  investigate  the 
role  of  head  tissue  complexity  in  the  peak  SAR  as¬ 
sessment.  An  our  newly  developed  MRI-based  head 
model  [8]  was  employed  for  this  aim.  The  head  mod¬ 
el  has  a  high  tissue  complexity,  say  including  17  tis¬ 
sue  types.  Based  on  the  same  MRI  data,  16  other 
head  models  with  tissue  complexities  from  one  tissue 
type  to  16  tissue  types  were  also  developed.  Then 
the  finite-difference  time-domain  (FDTD)  method 
was  used  to  calculate  the  spatial  peak  SARs  in  the 
17  head  models  for  the  two  most  popular  antennas 
and  two  frequency  bands.  The  two  most  popular  an¬ 
tennas  were  a  half-wave  monopole  and  a  helix  both 
mounted  on  a  plastic-covered  metal  box.  The  two 
frequency  bands  were  900  MHz  and  2  GHz,  which 
are  being  employed  and  will  be  employed  in  the  near 
future  in  Japan,  respectively. 

2.  MODEL  AND  ANALYSIS  METHOD 

2.1  MRI  Based  Head  Model 

The  raw  MRI  data  were  taken  from  a  Japanese  adult 
head  (male,  23  years  old) ,  which  consists  of  1 15  slices 
with  2  mm  space  in  the  axial  plane.  Each  MRI  slice 
was  a  256  x  256  pixel  and  9-bit  grey  scale  image. 
The  grey  scale  data  of  MRI  images  were  interpreted 
into  tissue  types,  which  is  known  as  a  process  of  seg¬ 
mentation.  The  segmentation  was  performed  under 
the  guidance  of  a  medical  doctor.  At  first,  the  grey 
scale  images  were  rescaled  to  produce  cubic  voxels  of 
2  mm.  Then  the  images  were  segmented  unambigu¬ 
ously  as  belonging  to  one  of  17  different  tissue  types 
by  assigning  each  2  mm  cube  voxel  to  a  RGB  code, 
which  identifies  the  discrete  tissue  type  of  that  par¬ 
ticular  voxel.  This  process  was  performed  manually 
with  the  aid  of  a  commercial  software  Adobe  Photo¬ 
shop.  The  segmented  tissue  types  are  blood,  bone, 
bone  marrow,  cartilage,  cerebrospinal  fluid  (CSF), 
cornea,  dura,  eye  humour,  fat,  grey  matter,  lens, 
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Figure  1:  MRI-based  head  model,  (a)  appearance, 
(b)  mid-sagittal  vertical  cross-section,  (c)  horizontal 
cross-section  through  the  eyes. 


mucous  membrane,  muscle,  parotid  gland,  sclera, 
skin  and  white  matter.  Figure  1  shows  the  head 
model,  a  mid-sagittal  vertical  cross-section  and  a 
horizontal  cross-section  through  the  eyes  of  the  head 
model.  The  16  other  head  models  with  tissue  com¬ 
plexities  from  one  tissue  type  to  16  tissue  types  were 
developed  based  on  the  same  MRI  data.  For  exam¬ 
ple,  the  one-tissue  model  was  composed  of  the  brain 
tissue  (whose  dielectric  properties  were  assumed  to 
be  the  averages  of  the  grey  matter  and  white  mat¬ 
ter),  the  two-tissue  model  was  composed  of  the  skin 
and  brain  tissue,  the  three-tissue  model  was  com¬ 
posed  of  the  skin,  bone  and  brain  tissue,  and  so  on. 
Table  1  shows  the  composition  of  each  model  as  well 
as  electrical  properties  for  each  tissue  [9]  where  p  is 
the  mass  density,  and  er  and  a  are  the  relative  per¬ 
mittivity  and  conductivity,  respectively. 


2.2  Modeling  of  Mobile  Phone  with  a  Mono 
-pole  Antenna 

The  handset  of  mobile  phone  was  modeled  as  a  di¬ 
electric  covered  rectangular  metal  box,  with  a  length 
of  12.4  cm,  a  width  of  4.4  cm  and  a  thickness  of 
2.4  c.m.  The  metal  box  was  covered  with  a  dielec¬ 
tric  insulator  of  2  mm  thickness  and  e,.=2.0.  A  A/2 
monopole  antenna  was  mounted  on  the  top  of  the 
handset,  in  the  front  of  the  4.4  cm  side  and  2  cm  far 
from  the  edge  of  the  2.4  cm  side.  This  correspond¬ 
ed  to  a  distance  of  2  cm  between  the  monopole  and 
the  the  ear  because  the  handset  was  barely  touching 
the  ear.  The  radius  of  the  monopole  was  0.5  mm, 
which  was  approached  by  the  thin-wire  approxima¬ 
tion  considering  the  effect  of  a  wire  with  a  radius 
smaller  than  the  FDTD  cell  dimensions.  J-gap  feed¬ 
ing  was  employed  to  excite  the  monopole  antenna. 


Figure  2:  (a)Size  of  helical  antenna,  (b)stack  used 
to  model  the  helical  antenna.  The  stack  is  composed 
of  several  layers.  Each  layer  has  a  square  area  with 
one  side  equal  to  the  diameter  D  and  a  height  ecpial 
to  the  pitch  5  of  the  helical  antenna. 


2.3  Modeling  of  Mobile  Phone  with  a  Helical 
Antenna 


The  helical  antenna,  having  a  length  L=1.6  cm, 
a  pitch  5=2  mm  and  a  diameter  D=4  mm,  was 
mounted  on  the  top  of  the  same  handset  described 
above  both  at  900  MHz  and  2  GHz.  According  to 
Lazzi  and  Gandhi’s  proposal  for  modeling  a  helical 
antenna  in  [7],  a  rectangular  stack,  as  shown  in  Fig¬ 
ure  2,  was  used  to  reproduce  the  fields  generated 
by  the  helix.  Referring  to  Figure  2(b),  one  layer  of 
the  stack  has  an  equivalent  dipole  and  an  equivalent 
loop.  Denoting  the  current  in  the  equivalent  dipole 
as  I'(l,  we  can  replace  it  with  a  displacement  current, 
and  have  the  equivalent  electric  field  Ez  in  lieu  of 
I'd,  which  is  expressed  as 


rd  ■  i /juc  vA 

s  jueaD2 


(1) 


where  C  is  the  capacitance  between  the  layer,  being 
given  by  e0 D2/s. 

On  the  other  hand,  denoting  the  current  in  the 
equivalent  loop  as  Ij,  from  Biot-Savart’s  law,  we  can 
obtain  the  equivalent  magnetic  field  related  to  the 
current  I[  in  the  center  of  the  same  layer,  which  is 
given  as 


I[dV  sin  </>  4  I't 

4ttR2  s/2tt  D 

where  R  is  the  distance  from  the  current  element  dV 
to  the  center  of  the  layer,  < f>  is  the  angle  between  the 
direction  of  the  current  and  the  vector  from  the  ele¬ 
ment  to  the  center  of  the  layer,  and  the  integration 
is  carried  out  along  the  boundary  line  of  the  layer. 
Thus,  for  one  layer  of  the  stack,  we  have 


Ez_  =  rd 

Hz  Ij  j4u)€[)D 


(3) 
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Table  1:  Dielectric  properties  of  tissue  and  composition  of  head  models 


Tissue 

type 

[kg/m3] 

900MHz 

CT  [S/m] 

2GHz 
a  [S/m] 

n** 

brain* 

1030.0 

45.81 

0.77 

43.21 

1.26 

1 

skin 

1010.0 

41.41 

0.87 

38.57 

1.27 

2 

bone 

1850.0 

16.62 

0.24 

15.37 

0.48 

3 

fat 

920.0 

11.33 

0.11 

10.96 

0.21 

4 

muscle 

1040.0 

55.96 

0.97 

54.17 

1.51 

5 

dura 

1030.0 

44.43 

0.96 

42.62 

1.42 

6 

CSF 

1010.0 

68.64 

2.41 

66.91 

3.07 

7 

cartilage 

1100.0 

42.65 

0.78 

39.76 

1.42 

8 

grey  matter 

1030.0 

52.72 

0.94 

49.69 

1.51 

9 

white  matter 

1030.0 

38.89 

0.59 

36.73 

1.00 

9 

parotid  gland 

1050.0 

60.55 

1.21 

58.27 

1.83 

10 

eye  humour 

1010.0 

55.27 

1.17 

68.47 

2.16 

11 

lens 

1100.0 

41.21 

0.64 

39.78 

1.06 

12 

bone  marrow 

1030.0 

11.27 

0.23 

10.56 

0.38 

13 

blood 

1060.0 

61.36 

1.54 

59.02 

2.19 

14 

mucous  membrane 

1010.0 

46.08 

0.84 

43.52 

1.34 

15 

sclera 

1170.0 

55.27 

1.27 

53.27 

1.72 

16 

cornea 

1050.0 

55.23 

1.39 

52.39 

1.98 

17 

*  Average  of  the  grey  matter  and  white  matter. 

**  n  stands  for  the  number  of  tissue  constitutes  a  head  model. 


Since  each  layer  of  the  stack  had  the  same  height 
as  the  pitch  of  helix,  the  currents  I'd  was  equal  to  the 
actual  helix  current  //,  .  Moreover,  since  the  actual 
loop  of  the  helix  has  a  circular  shape,  for  inducing 
the  same  magnetic  field  in  the  center  of  the  loop,  the 
current  I[  should  be  related  to  actual  helix  current 

Ih  by  I[  =  :^EIh-  Thus  Eq.  (3)  can  be  rewritten  as 

El  =  1  i 

Hz  jue0D 

The  excitation  of  the  helical  antenna  was  performed 
by  using  sinusoidal  Ez  and  Hz  according  to  the 
above  relationship. 

3.  RESULTS  AND  DISCUSSION 

Figures  3-6  show  the  dependence  of  the  one- gram 
and  ten-gram  averaged  spatial  peak  SAR.  on  tissue 
complexity.  The  one-gram  averaged  and  ten-gram 
averaged  spatial  peak  SARs  were  obtained  over  a 
1  cm3  and  2.2  cm3  cubics,  respectively,  which  did 
not  include  air.  All  of  the  results  were  normalized 
to  an  antenna  output  of  1  W.  As  can  be  seen  from 
the  results,  for  the  A/2  monopole  antenna  mobile 
phones,  the  one-tissue  model  exhibited  an  under¬ 
estimate  feature  at  the  two  considered  frequencies. 
With  respect  to  the  17-tissue  model,  the  one-tissue 

1  This  is  somewhat  different,  from  the  relationship,  say 
EzjHz  =  -i/ (jiosorr D) ,  being  derived  by  Lazzi  and  Gandhi 
in  [7], 


model  gave  underestimates  of  18%  at  900  MHz  and 
13%  at  2  GHz  for  the  one-gram  averaged  spatial 
peak  SAR.  The  same  feature  can  be  observed  for 
the  ten-gram  averaged  spatial  peak  SAR,  only  the 
underestimated  or  overestimated  level  was  small¬ 
er.  However,  for  the  helical  antenna  mobile  phones, 
the  one-tissue  model  gave  an  upper  bound  for  the 
one-gram  and  ten-gram  averaged  spatial  peak  SAR. 
With  respect  to  the  17-t.issue  model,  at  900  MHz, 
the  one-tissue  model  gave  almost  the  same  value, 
while  at  2  GHz,  the  one-tissue  model  gave  overes¬ 
timates  of  12%  and  20%  for  the  one-gram  and  ten- 
gram  averaged  spatial  peak  SARs,  respectively. 

From  these  results  the  dependence  of  the  peak 
SAR  on  tissue  complexity  seems  to  be  antenna  - 
dependent.  This  may  be  explained  from  the  dif¬ 
ferent  composition  of  tissue  in  the  ear  region  and 
on  the  upper  side  of  ear.  Figure  7  shows  the  SAR 
distributions  in  the  zx  plane  for  the  A/2  monopole 
antenna  and  helical  antenna  at  900  MHz.  For  the 
A /2  monopole  antenna  the  peak  current  appeared  at 
the  center  of  the  monopole,  which  resulted  in  that 
the  main  EM  absorption  area  was  on  the  upper  side 
of  the  ear-.  The  volume  of  brain  tissue  is  large  in 
this  region.  However,  due  to  the  short  length  of  he¬ 
lical  antenna,  the  currents  in  this  case  concentrated 
at  the  bottom  of  the  antenna  and  the  upper  part  of 
the.  handset,  which  resulted  in  a  concentrated  EM 
absorption  in  the  ear-  region  having  a  more  complex 
tissue  composition. 
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Figure  3:  Dependence  of  the  one-gram  and  ten-gram 
averaged  spatial  peak  SAR  on  tissue  complexity. 
Antenna:  A/2  monopole;  Frequency:  900  MHz. 


Tissue  type 

Figure  4:  Dependence  of  the  one-gram  and  ten-gram 
averaged  spatial  peak  SAR  on  tissue  complexity. 
Antenna:  helical;  Frequency:  900  MHz. 

Furthermore,  from  Figures  3  -  6,  when  the  tis¬ 
sue  types  were  larger  than  5,  the  peak  SAR  ap¬ 
proximately  converged  to  the  value  for  the  17- tissue 
model.  The  5-tissue  model,  i.e.,  the  skin-fat-muscle- 
bone-brain  model,  was  found  to  have  a  difference  for 
the  one-gram  and  ten-gram  averaged  spatial  peak 
SAR  within  5%  with  respect  to  the  17-tissue  model. 
This  relationship  holds  for  both  the  A/2  monopole 
and  the  helical  antennas  at  both  900  MHz  and  2 
GHz.  By  comparing  the  SAR  profiles  for  the  head 
models  with  different  tissue  complexity,  as  shown  in 
Figure  8,  it  is  obvious  that  the  SAR  profiles  close  to 
the  head  surface,  that  determine  the  gram-averaged 
spatial  peak  SAR,  have  a  similarity  between  the  5- 
tissue  model  and  the  17-tissue  model.  This  phe¬ 
nomenon  attributes  to  the  fact  that  the  skin,  fat, 
muscle,  bone  and  brain  are  the  main  tissue  types  in 
the  exposed  region  of  head. 

These  findings  leads  to  a  conclusion  that  a 
head  model  with  a  simple  skin-fat-muscle-bone- 
brain  structure  is  sufficient  to  derive  a  fairly  accu¬ 
rate  peak  SAR  value  from  computer  simulations  for 


Tissue  type 

Figure  5:  Dependence  of  the  one-gram  and  ten-gram 
averaged  spatial  peak  SAR  on  tissue  complexity. 
Antenna:  A/2  monopole;  Frequency:  2  GHz. 
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Tissue  type 

Figure  6:  Dependence  of  the  one-gram  and  ten-gram 
averaged  spatial  peak  SAR  on  tissue  complexity. 
Antenna:  helical;  Frequency:  2  GHz. 

mobile  phone  compliance. 

4.  CONCLUSION 

The  role  of  head  tissue  complexity  in  the  peak  SAR 
assessment  for  mobile  phones  was  investigated  by 
using  the  FDTD  method  in  conjunction  with  an 
MRI-based  human  head  model.  The  tissue  complex¬ 
ity  of  the  head  model  was  changed  from  one  type  of 
tissue  to  17  types  of  tissue.  The  investigated  fre¬ 
quencies  were  900  MHz  and  2  GHz,  and  the  inves¬ 
tigated  antenna  types  were  popular  A/2  monopole 
and  helical  antennas,  both  mounted  on  a  dielectric 
covered  metal  box.  The  results  showed  that  the  ho¬ 
mogeneous  modeling  may  result  in  an  underestimate 
about  20%  for  the  A/2  monopole  antenna  mobile 
phones  and  an  overestimate  to  the  same  extent  for 
the  helical  antenna  mobile  phones.  A  head  model 
with  a  simple  skin-fat-muscle-bone-brain  structure 
gives  almost  the  same  peak  SAR  value  as  a  high¬ 
ly  complex  17-tissue  model,  which  suggests  that  the 
5-tissue  head  model  is  sufficient  to  obtain  a  fairly 
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Figure  7:  SAR  distributions  in  the  zx  plane.  Left: 
A/2  monopole  antenna,  right:  helical  antenna.  Fre¬ 
quency:  900  MHz. 


1 -tissue  . 5-tissue 

17-tissue 


Distance  from  head  surface 

Figure  8:  SAR  profiles  along  the  x  axis  for  a  helical 
antenna  mobile  phone  at  2  GHz. 


accurate  peak  SAR  from  computer  simulations  for 
mobile  phone  compliance. 
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In  this  work,  a  probabilistic  approach  for  the 
characterization  of  wiring  harness  susceptibility  to 
external  interference  is  presented.  The  problem  of 
field-coupling  onto  a  uniform,  two-conductor 
transmission  line  is  considered  by  modeling  the 
external  field  as  a  plane  wave  with  random 
parameters.  The  probability  density  function  of  the 
voltage  induced  in  one  of  the  line  loads  is  derived 
analytically,  under  a  low-frequency  assumption.  The 
proposed  model  allows  computation  of  statistical 
parameters  of  interest,  such  as  expected  values, 
variances,  and  confidence  intervals  of  voltages  and 
currents  in  the  line  loads. 

1 .  INTRODUCTION 

Field  coupling  to  transmission  lines  is  an  issue  of 
paramount  importance  in  the  area  of  electromagnetic 
compatibility  (EMC).  After  the  pioneering  work  of 
Taylor  et  al.  [1],  several  papers  have  been  written  on 
this  subject  [2],  with  the  aim  to  explain  interference 
effects  that  an  external  electromagnetic  source  plays  on 
complex  wiring  structures. 

However,  in  the  majority  of  the  works  available  in  the 
literature  such  a  problem  is  examined  from  a 
deterministic  standpoint.  Only  in  recent  years 
contributions  to  this  subject  have  been  cast  in  terms  of 
new  prediction  techniques,  based  on  statistical  or 
probabilistic  approaches.  In  particular,  techniques 
belonging  to  this  category  have  been  employed  for  the 
description  of  crosstalk  in  random  wire  bundles  [3-5], 
for  modeling  the  electromagnetic  field  and  cable 
response  in  over-moded  enclosures  [6],  for 
electromagnetic  field  representation  in  reverberation 
chambers  [7],  and  for  modeling  EMP  conducted 
environments  [8], 

The  need  for  applying  probabilistic  modeling  to  the 
problem  of  radiation  onto  transmission  lines  can  be 
viewed  as  a  way  to  overcome  the  lack  of  information 
that  the  designer/analyst  usually  encounters  when  he 
tries  to  characterize  the  interfering  field. 

This  work  addresses  the  problem  of  field  coupling  onto 
a  lossless  two-conductor  transmission  line  by  means  of 
a  probabilistic  approach.  The  line  is  supposed  to  be 


uniform,  and  composed  by  a  signal  conductor  running 
above  an  infinite  ground  plane.  Line  terminations  are 
modeled  by  equal  resistances,  connected  between  each 
wire-end  and  ground.  The  offending  field  is  modeled  as  a 
random  plane  wave:  amplitude,  polarization,  and 
direction  of  incidence  of  the  wave  are  treated  as  random 
variables  with  suitable  probability  density  functions 
(PDFs). 

Under  a  low-frequency  assumption  (i.e.  for  wavelengths 
greater  than  the  line  length),  the  proposed  model  enables 
one  to  derive  analytical  expressions  of  the  PDFs  of  the 
voltages  (currents)  induced  in  the  line  terminations. 
Consequently,  statistical  parameters  of  interest,  such  as 
expected  values,  variances,  and  confidence  intervals  can 
be  evaluated  and  used  for  an  effective  description  of  the 
line  susceptibility. 

Statistical  simulation  has  confirmed  the  consistence  of 
the  obtained  analytical  results,  and  the  potential  of  the 
probabilistic  characterization  of  wiring  harnesses. 


2.  PROBABILISTIC  MODEL  DESCRIPTION 

This  section  is  devoted  to  the  description  of  the 
probabilistic  model.  The  structure  under  analysis  is 
sketched  in  Fig.  1.  It  shows  a  two-conductor  transmission 
line  exposed  to  an  external  plane  wave  field.  In  the 
Figure,  £0  is  the  amplitude  of  the  electric  field,  angles 
d,  y/  identify  the  direction  of  incidence,  angle  T] 
specifies  the  wave  polarization.  The  line  length  is  £,  and 
its  height  above  ground  is  h  .  The  signal  conductor  is 
loaded  at  both  ends  by  equal  resistances  R  . 

Voltages  and  currents  induced  by  an  external  wave  in  the 
line  loads  are  readily  evaluated  by  resorting  to  lumped 
equivalent  voltage  sources,  placed  at  the  line 
terminations  [9].  In  particular,  if  the  right  end  of  the  line 
is  considered,  and  a  low  frequency  expansion  of  the 
induced  voltage  is  derived,  we  get 


VR~  jeo  1 -  [cosyrcos77  +  sin^sin^cos^  - 

A> 

-^-cosrysin#  , 

Zc 


(1) 
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where  co  is  the  angular  frequency,  c0  is  the  speed  of 
light  in  free  space,  and  Zc  is  the  line  characteristic 
impedance.  Expression  (1)  holds  for  low-frequencies, 
i.e.  for  wavelengths  much  greater  than  the  line  length 
(£/A«l).  A  similar  expression  can  be  derived  for 
the  voltage  induced  in  the  left  load. 

If  all  the  quantities  involved  in  equation  (1)  are 
regarded  as  known  parameters,  such  an  expression  has 
to  be  viewed  as  the  result  of  a  deterministic  model. 
Alternatively,  if  the  deterministic  model  assumption  is 
released,  and  some  of  the  parameters  involved  in  the 
description  of  the  field-to-wire  coupling  phenomenon 
are  treated  as  random  quantities,  the  model  becomes 
probabilistic,  and  results  should  be  cast  in  terms  of 
suitable  estimators. 

In  the  present  analysis,  all  the  quantities  related  to  the 
description  of  the  transmission  line  (i.e.  £,  h ,  Zc ,  R) 
are  considered  as  deterministic  data,  while  the  wave 
parameters  (i.e.  E0,  i3 ,  y/ ,  rj)  are  treated  as  random 
quantities.  This  means  assuming  a  sufficient 
knowledge  of  the  geometrical  and  electrical 
characteristics  of  the  line,  but  recognizing  uncertainties 
in  the  description  of  the  interfering  field.  Such  a  point 
of  view  is  representative  of  many  practical 
circumstances,  in  which  circuitry  is  operated  in  harsh 
environments,  but  only  partial  information  is  available 
regarding  interference. 

From  the  mathematical  point  of  view,  this  is  equivalent 
to  describe  some  or  all  the  wave  parameters  as  random 
variables,  with  by  specific  PDFs.  Consequently,  also 
voltages  (currents)  induced  in  the  line  loads  are  random 
variables,  related  to  the  wave  variables  by  specific 
functional  relationships. 

As  far  as  the  voltage  VR  induced  in  the  right  end  of  the 
structure  of  Fig.  1  is  concerned,  such  a  functional 
relationship  is  specified  in  equation  (1).  The  statistical 
properties  of  such  a  variable  may  be  investigated  by 
applying  to  (1)  the  theorem  on  the  transformation  of 
random  variables  [10]. 


Incidence  plane 


Reference,  plane 


Fig.  1.  Two-conductor  uniform  transmission  line 
exposed  to  an  external  plane-wave  field.  The  incidence 
direction  of  the  wave  is  identified  by  angles  i9,  yr,  the 
wave  polarization  is  described  by  angle  rj .  The  symbol 
£  denotes  line  length,  and  R  is  the  terminal  resistance 
used  to  connect  both  wire-ends  to  ground. 


Equation  (1)  is  therefore  the  basis  of  the  considerations 
developed  in  this  paper. 

The  degree  of  uncertainty  introduced  in  the  model  may 
be  controlled  via  the  selection  of  the  wave  parameters 
that  will  be  described  as  random  variables,  and  by  the 
statistical  properties  adopted  for  their  description.  This  is 
a  point  of  paramount  importance,  since  in  practice  the 
degree  of  uncertainty  related  to  the  interfering  field  may 
strongly  depend  on  the  specific  application. 

The  procedure  adopted  for  the  probabilistic 
characterization  of  the  field-to-line  coupling  is  described 
in  the  following.  The  magnitude  of  the  voltage  induced 
in  the  right  termination  of  the  line  is  rewritten  from  (1)  as 


|VK  |  =  coPE0 |cos  y/  cos  rj  +  sin  y/  sin  Tj  cos  Q  -  a  cos  rj  sin  6 1 

(2) 

where  a  and  P  are  constant  factors,  defined  by 


a 


(3) 


Subsequently,  two  auxiliary  random  variables  f ,  £  are 
introduced,  defined  as 

£  =  |cos^cos77  +  sinyrsin/7cosr?-acos?7sint?|  (4a) 

=  (4b) 

Random  variable  C,  accounts  for  the  effect  of  random 
variables  ti,y/,i)  (incidence  and  polarization  angles). 
Random  variable  £  is  defined  as  the  product  of  random 
variable  E0  (wave  amplitude)  times  the  auxiliary 
random  variable  C,  .  By  virtue  of  (4a)  and  (4b),  equation 
(2)  is  rewritten  in  compact  form  as 

K|  =  aP{  .  (5) 


Equation  (5)  expresses  the  magnitude  of  the  induced 
voltage  as  the  product  of  a  deterministic  factor  coP  times 
the  auxiliary  random  variable  £ . 

After  having  specified  which  of  the  wave  angles  behaves 
as  a  random  variable,  the  PDF  fr(z)  of  (  will  be 

obtained  by  applying  to  (4a)  the  theorem  of 
transformation  of  random  variables  [10],  Subsequently, 
the  PDF  (x)  of  £  will  be  obtained  from  equation  (4b) 

in  terms  of  the  PDFs  of  the  amplitude  of  the  external 
wave  fEo(w),  and  /f(z),  as 


Pf  1 

f*(x)=  1  “/£o(w)/f 


a(x) 


\dw , 


(6) 


where  the  endpoints  of  the  interval  of  integration 
[a(x),  P(xj\  are  functions  of  x  that  depend  on  the 
domain  of  fE()  (w) . 
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Finally,  the  PDF  of  [V^  |  will  be  derived  from  equation 
(5),  as 


eoP^coP/  (7) 

In  (7)  y  is  used  to  denote  the  independent  variable  of 

PDF«>- 


3.  PDF  OF  VOLTAGE  INDUCED  IN  THE 
LINE  LOAD 

In  this  Section  explicit  expressions  of  the  PDF  of  the 
magnitude  of  the  induced  voltage  |V^|  are  derived,  for 

specific  characterizations  of  the  impinging  wave. 

In  particular,  we  concentrate  on  the  case  of  uncertainty 
on  the  wave  amplitude  and  direction  of  incidence. 
Wave  polarization  is  supposed  to  be  known.  A  similar 
situation  occurs  whenever  the  relative  position  of  the 
wiring  with  respect  to  the  source  of  interference  is  not 
completely  known  and,  at  the  same  time,  precise 
indications  are  given  on  the  way  in  which  the 
disturbing  field  is  generated.  For  example,  this  could 
be  the  case  of  interference  emitted  by  the  antenna  of  a 
RF  transmitting  station,  placed  on  the  roof-top  of  a 
building,  onto  a  device  that  may  be  installed  at 
different  floors  in  a  neighboring  building. 

As  a  specific  case,  we  consider  a  vertically  polarized 
wave,  travelling  parallel  to  the  transmission  line,  with  a 
random  elevation  angle.  In  terms  of  the  wave 
parameters  defined  in  Fig.  1,  this  means  setting 
Tj  =  0,  y/  =  0 ,  and  considering  the  elevation  angle  d  as 

well  as  the  wave  amplitude  E0  as  random  variables. 

In  this  case,  the  magnitude  of  the  voltage  induced  in 
the  right  load  is  derived  from  (2)  as 

IVy}]  =  coPE^-a  sint^  .  (8) 


distributed  with  two  degrees  of  freedom  (Rayleigh 
distribution),  and  the  total  electric  field  magnitude  is  x 
distributed  with  six  degrees  of  freedom.  We  have  to  refer 
to  the  specific  information  available  on  the  source  of 
interference,  for  a  proper  selection  of  the  PDF  of  E{) .  In 

the  following,  we  will  derive  the  PDF  of  |V^  [  for 
different  choices  of  the  PDF  of  E0  . 

The  first  step  is  to  resolve  the  random  variable 
transformation  of  equation  (4a).  Such  a  transformation 
reveals  that  the  role  played  by  the  elevation  angle  d  on 
the  induced  voltage  essentially  depends  on  the  value  of 
parameter  a ,  defined  in  (2).  From  the  mathematical 
point  of  view,  this  means  that  subsequent  steps  of  the 
analysis  need  to  be  distinguished  on  the  basis  of  the 
value  of  a . 

3.1.  a  =  l 

This  is  the  case  of  a  line  with  matched  loads.  The  PDF 
f(  (z)  is  obtained  from  (4a)  as 


fc(z)  =  — rL=,  0  <  z  <  1 ,  (10) 

xjz(2-z) 

and,  by  substitution  of  (10)  into  (6),  the  implicit 
expression  of  PDF  f^(x)  becomes: 


fs0  (wQ 

Jx(2w-x) 


dw . 


01) 


Explicit  expressions  of  f^(x)  can  be  derived  from  (11) 
by  specifying  the  PDF  /^(w)  of  the  amplitude  of  the 

external  wave.  A  summary  of  the  results  obtained  for 
uniform,  exponential,  and  beta  distributions  is  presented 
in  Table  I. 


In  order  to  get  explicit  expressions  for  /jv^|(y),  we 

need  to  specify  the  PDFs  associated  with  the  incidence 
angle  d  and  the  wave  amplitude  E0 . 

Since  no  information  is  available  on  the  elevation  angle 
d  under  which  the  line  sees  the  arriving  wave,  we 
assume  d  uniformly  distributed  in  the  interval 
[0,^/2],  i.e.: 

,  ,  s  f2/;r  0<t  <nl2 

^  *  ~  [O  elsewhere  ' 

For  what  concerns  the  wave  amplitude  E0 ,  indications 
can  be  found  in  the  literature  for  the  PDF  of  electric 
fields  generated  in  specific  environments.  For  example, 
in  [9]  it  is  shown  that  in  mode-stirred  chambers  the 
magnitude  of  any  of  the  electric  field  components  is  % 


3.2.  a  « 1 

In  this  case  equation  (8)  shows  that  the  induced  voltage 
is  insensitive  to  the  effect  of  a  random  elevation  angle 
d  .  The  PDF  of  £  is  directly  obtained  from  (4b),  as 

ft(x)  =  fEo{x).  (12) 

3.3.  a»  1 

In  this  case  the  sinusoidal  term  in  equation  (8)  prevails 
over  1.  The  relationship  between  the  auxiliary  variable 
C,  and  the  angular  variable  d  simplifies  to  f  =  a  sint? , 
and  the  PDF  /f(z)  becomes: 

2  1 

/f(z)  = - r- . .  ■  0  <  z  <  a .  (13) 

*  Va2  -z2 
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By  substitution  of  (13)  into  (6),  the  PDF  of  £  is  then 
expressed  in  terms  of  the  PDF  of  E0  ,  as 


In  this  case,  explicit  results  for  /?-  (x)  have  been 

obtained  for  uniform,  Rayleigh,  and  beta  distribution  of 
E0. 

3.4.  jy<a<l  or  1  <  a  <  10 

There  are  cases  in  which  a  is  less  (greater)  than  one, 
but  not  so  little  (large)  to  allow  considering  only  one  of 
the  two  terms  that  appear  in  the  argument  of  the 
absolute  value  of  equation  (8). 

From  the  mathematical  point  of  view,  the  description 
of  such  cases  is  more  complicated.  For  sake  of  brevity, 
it  is  not  reported  in  this  work. 

4.  NUMERICAL  SIMULATIONS 

In  this  Section,  numerical  simulation  is  used  to  validate 
the  probabilistic  model,  and  to  investigate  its  validity 
limits.  We  consider  a  transmission  line  with  length 
£-\  m,  height  ft  =  0.1m,  and  wire  radius 

rw  =  0.5  xlO-3  m  .  The  line  is  supposed  to  be  matched 
at  both  ends  (a  =  1) . 

In  the  simulation  we  analyze  the  case  of  impinging 
waves  with  random  amplitude  E0  and  random 
elevation  angle  $  .  The  incidence  angle  y/  as  well  as 
the  polarization  angle  tj  are  considered  as  fixed 
parameters,  and  are  set  to  zero.  We  suppose  the  wave 
amplitude  E0  is  beta  distributed  with  PDF  parameters 
v,,  v2  set  to  2  and  3,  respectively.  The  elevation  angle 
■d  is  unknown,  and  therefore  treated  as  a  random 
variable  with  uniform  distribution  in  [0, 

Ten  thousands  waves  with  the  above-described 
statistical  properties  have  been  randomly  generated, 
and  the  voltage  induced  by  each  wave  in  the  right  load, 
at  the  frequency  of  100  MHz  ,  has  been  computed.  An 
estimate  of  the  PDF  of  the  magnitude  of  the  induced 
voltage  has  been  obtained  by  proper  normalization  of 
the  histogram.  This  result  has  been  compared  with  the 
analytical  expression  of  the  PDF  derived  in  Subsection 

3.1,  and  reported  in  the  last  row  of  Table  I.  Fig.  2 
shows  the  comparison. 

The  good  agreement  of  the  two  curves  is  a  check  of 
correctness  of  the  proposed  probabilistic  model. 
Moreover  it  is  worth  noting  that,  despite  the  proposed 
model  is  based  on  a  low-frequency  assumption,  the 
above-described  result  has  been  obtained  for  a  line- 
length-to-wavelength  ratio  of  ^  . 

However,  it  is  recognized  that  the  frequency  range  in 
which  the  model  is  valid  is  influenced  by  the  value  of 


the  line  loads,  the  widest  range  being  obtained  in  the  case 
of  matched  loads.  Matched  terminations  represent  a 
particular,  but  also  practically  significant  case.  In  fact, 
design  strategies  are  usually  intended  to  avoid  reflections 
at  the  line  ends. 

5.  CONCLUSIONS 

The  problem  of  field-coupling  onto  a  two-conductor 
transmission  line  is  analyzed  from  the  probabilistic 
standpoint.  The  probability  density  function  of  the 
voltage  induced  in  the  line  load  is  derived  analytically, 
for  different  statistical  descriptions  of  the  impinging 
wave.  The  choice  of  a  two-conductor  line  simplifies  the 
analysis;  however  some  of  the  results  presented  in  this 
paper  can  be  extended  to  multiconductor  transmission 
lines  [11], 

The  proposed  model  allows  one  to  characterize  line 
susceptibility  in  terms  of  statistical  parameters  of 
interest,  and  may  be  useful  at  the  design  stage,  whenever 
information  on  the  source  of  interference  is  partially  or 
completely  unknown. 


IVRI,  dBuV 

Fig.  2.  PDF  of  the  magnitude  of  the  voltage  induced  in 
right  load  of  the  line.  Solid  curve  is  the  analytical 
expression  of  the  PDF,  derived  in  Subsection  3.1.  Dotted 
curve  is  the  normalized  histogram,  obtained  by  repeated 

simulations  (104  random  waves  have  been  employed). 
The  operation  frequency  is  100  MHz,  angles  y/  and  T] 
are  set  to  zero,  wave  amplitude  E0  and  elevation  angle 
i3  are  treated  as  random  variables. 

6.  REFERENCES 

6.1.  C.  D.  Taylor,  R.  S.  Satterwhite,  C.  W.  Harrison  Jr., 
“The  response  of  a  terminated  two-wire  transmission  line 
excited  by  a  non-uniform  electromagnetic  field,”  IEEE 
Trans.  Antennas  Propagat.,  vol.  AP-13,  pp.  987-989, 
Nov.  1965. 

6.2.  C.  R.  Paul,  “Frequency  response  of  multiconductor 
transmission  lines  illuminated  by  an  electromagnetic 
field,”  IEEE  Trans.  Electromag.  Compat.,  vol.  EMC-18, 
pp.  183-190,  Nov.  1976. 


264 


Table  I.  PDF  of  the  auxiliary  random  variable  £ ,  for  different  choices  of  the  PDF  of  the  wave  amplitude  E0  ,  in  the 

case  of  a  matched  line  (a  =  l) . 


/*<"> 


/$(*) 


Uniform  distribution: 
1 


0<w<E0n 


-'Omax 


JtE, 


Omax 


’  2 E0; 

i  x 


-i  - 1 


0  <x<En 


Exponential  distribution: 
w  >  0 


~  [2A 
y  nx 


x>0 


Beta  distribution  ( v,  =  2  ,  =  3 ): 

1 


wVr'(E0mn-Wp-\ 


16  1 


35nbA 


.  — - 1  fox3  - 1  \bx2  +  Sb2  x  +  4fc3 )- 1 8  x3  +  49 b  x2  -  35 b2  x 

V  X 


0<w<E. 


Omax 


b  =  E0m2X,  0  <x<E0 


6.3.  G.  T.  Capraro  and  C.  R.  Paul,  “A  Probabilistic 
approach  to  wire  coupling  interference  prediction,” 
Proceedings  of  the  4th  International  Zurich  Symposium 
on  Electromagnetic  Compatibility,  ETH,  Zurich,  1981, 
pp.  267-272. 

6.4.  S.  Shiran,  B.  Reiser,  and  H.  Cory,  “A  probabilistic 
model  for  the  evaluation  of  coupling  between 
transmission  lines,”  IEEE  Trans.  Electromagn. 
Compat.,  vol.  EMC-35,  no.  3,  pp.  387-393,  Aug.  1993. 

6.5.  S.  Pignari,  L.Konb,  F.  Canavero,  A.  Ciccolella,  B. 
Demoulin,  “Statistical  Approach  to  crosstalk  in  random 
cable  bundles,”  (invited  paper),  International 
Symposium  on  Electromagnetic  Theory,  Thessaloniki, 
Greece,  May  25-28,  1998,  pp.  662-664. 

6.6.  R.  Holland  and  R.  H.  St.  John,  “Statistical 
response  of  EM-driven  cables  inside  an  overmoded 
enclosure,”  IEEE  Trans.  Electromagn.  Compat.,  vol. 
EMC-40,  no.  4,  pp.  311-324,  Nov.  1998. 

6.7.  D.  A.  Hill,  “Plane  wave  integral  representation  for 
fields  in  reverberation  chambers,”  IEEE  Trans. 
Electromagn.  Compat.,  vol.  EMC-40,  no.  3,  pp.  209- 
217,  Aug.  1998. 

6.8.  M.  Ianoz,  B.  I.  C.  Nicoara,  and  W.  A.  Radasky, 
“Modeling  of  an  EMP  conducted  environment,”  IEEE 
Trans.  Electromagn.  Compat.,  vol.  EMC-38,  no.  3,  pp. 
400-413,  Aug.  1996. 

6.9.  S.  Pignari,  F.  Canavero,  “Theoretical  assessment 
of  bulk  current  injection  versus  radiation,”  IEEE  Trans. 


Electromagn.  Compat.,  vol.  EMC-38,  no.  3,  pp.  469-477, 
Aug.  1996. 

6.10.  A.  Papoulis,  Probability,  Random  Variables  and 
Stochastic  Processes,  Mc-Graw-Hill,  1991. 

6.11.  D.  Bellan,  S.  Pignari,  "Statistical  characterization 
of  multiconductor  transmission  lines  illuminated  by  a 
random  plane-wave  field,”  accepted  for  presentation  in 
the  IEEE  Int.  Symp.  on  Electromagn.  Compat., 
Washington,  D.C.,  USA,  Aug.  21-25,  2000. 

BIOGRAPHICAL  NOTES 

Diego  Bellan  received  the  Laurea  degree  and  the  Ph.D. 
degree  in  Electrical  Engineering  from  the  Politecnico  di 
Milano,  Italy.  Currently  he  is  with  the  Department  of 
Electrical  Engineering  of  the  Politecnico  di  Milano,  Italy. 
His  research  interests  are  in  the  field  of  EMC,  and 
include  distributed-parameter  circuits,  shielding,  and 
numerical  methods. 

Sergio  Pignari  received  the  Laurea  degree  and  the  Ph.D. 
degree  in  Electronic  Engineering  from  the  Politecnico  di 
Torino,  Italy.  Currently  he  is  an  Associate  Professor  of 
Circuit  Theory  with  the  Department  of  Electrical 
Engineering  of  the  Politecnico  di  Milano,  Italy. 

His  research  interests  are  in  the  field  of  EMC,  where  he 
works  on  the  modeling  of  distributed  circuits, 
characterization  of  interference  effects,  and  statistical 
methods. 


INTERNATIONAL  WROCLAW  SYMPOSIUM 
ON  ELECTROMAGNETIC  COMPATIBILITY 


EMC  2000 


A  PREDICTION  MODEL  FOR  CROSSTALK  IN  LARGE  AND  DENSELY-PACKED  RANDOM  WIRE- 

BUNDLES 


Diego  Bellan  and  Sergio  Pignari 
Dipartimento  di  Elettrotecnica,  Politecnico  di  Milano,  Italy 
Tel.:  +39-02-2399-3726  -  Fax:  +39-02-2399-3703 
e-mail:  diego.bellan@polimi.it,  sergio.pignari@poiimi.it 


This  paper  addresses  the  problem  of  statistical 
prediction  of  crosstalk  in  densely  packed  wire-bundles, 
with  a  large  number  of  conductors.  The  wire-bundle  is 
modeled  as  the  cascade  of  equal-length,  uniform 
multiconductor  transmission  lines,  characterized  by  the 
same  cross-section.  Bundle  non-uniformity  is  described 
via  random  permutation  matrices  that  are  used  to 
describe  wire-interchange  at  section-to-section 
junctions.  The  model  allows  high  numerical  efficiency, 
and  permits  consistent  statistical  estimation  of 
parameters  of  interest,  such  as  upper  and  lower 
bounds,  mean  value  and  variance.  Model  validity  has 
been  checked  by  means  of  experimental  tests. 

1.  INTRODUCTION 

The  prediction  of  crosstalk  between  wires  in  cable 
bundles  is  an  important  step  in  the  quantitative 
evaluation  of  the  overall  system  electromagnetic 
compatibility.  In  recent  years  several  contributions  to 
this  subject  have  been  brought  out,  by  addressing  the 
problem  from  the  statistical  point  of  view.  In  particular, 
in  [1]  strong  variations  of  crosstalk  in  cable  bundles 
due  to  variations  in  relative  wire  position  have  been 
evidenced  via  experimental  measurements.  In  [2]  a 
probabilistic  model  for  the  evaluation  of  crosstalk  in  a 
uniform  three-conductor  line  has  been  presented.  In  [3] 
a  technique  based  on  the  numerical  solution  of  the 
multiconductor  transmission  line  (MTL)  equations, 
combined  with  a  Monte  Carlo  method  has  been 
proposed  for  the  statistical  characterization  of 
crosstalk.  In  [4,  5]  models  based  on  the  chain 
connection  of  different  uniform  MTLs  have  been 
adopted  to  describe  bundle  non-uniformity. 

The  above-mentioned  numerical  techniques  allow  a 
rather  precise  statistical  characterization  of  crosstalk. 
However,  their  weakness  relies  in  the  need  of  repeated 
evaluations  of  the  per-unit-length  matrix  parameters  of 
the  bundle.  Such  a  requirement  reduces  the  overall 
numerical  efficiency,  especially  in  the  case  of  bundles 
with  a  large  number  of  conductors.  Unhappily,  most  of 
the  bundles  encountered  in  practical  applications  are 
composed  by  a  very  large  number  of  densely  packed 
conductors. 


This  paper  concentrates  on  the  problem  of  statistical 
prediction  of  crosstalk  in  densely  packed  wire-bundles, 
with  a  large  number  of  conductors.  In  the  proposed 
technique  the  random  wire-bundle  is  modeled  as  the 
cascade  of  equal-length  uniform  MTLs,  characterized  by 
the  same  cross-section.  Bundle  non-uniformity  is 
described  via  generation  of  proper  random  permutation 
matrices,  which  are  used  to  describe  wire-interchange  at 
section-to-section  junctions.  This  approach  can  be 
viewed  as  the  generalization  of  the  method  proposed  in 
[6]  for  the  analysis  of  twisted-wire  pairs. 

The  novelty  as  well  as  the  crucial  point  of  the  proposed 
method  are  to  resort  to  a  unique  cross-section  for  the 
description  of  the  bundle.  This  simplifying 
approximation  allows  to  overcome  the  problem  (shown 
by  previous  techniques)  of  extensive  evaluations  of  per- 
unit-length  matrix  parameters. 

For  what  concerns  wire  routing,  the  random  permutation 
matrices  inserted  at  section-to-section  junctions  are 
chosen  so  to  determine  minimum-distance  wire- 
movements. 

The  result  is  a  simple,  effective,  and  numerically 
efficient  model,  which  allows  the  precise 
characterization  of  crosstalk  in  the  frequency  domain,  via 
suitable  statistical  estimators.  In  particular,  the  proposed 
method  permits  to  identify  upper-  and  lower-bounds, 
mean  value,  variance,  and  probability  density  function  of 
crosstalk. 

Experimental  tests  have  also  been  performed,  with  the 
aim  to  check  robustness  of  the  approximations 
introduced  in  the  model.  The  voltage  transfer  ratio 
between  victim  and  generator  wire-pairs  (crosstalk)  has 
been  measured  in  100  different  realizations  of  a  16- wire 
bundle.  Successful  comparison  of  predicted  results 
versus  measured  quantities  shows  the  powerful  of  the 
proposed  technique,  and  proves  the  adequacy  of  the 
adopted  simplifying  approximations. 

2.  CROSSTALK  PREDICTION  MODEL 

This  Section  is  devoted  to  the  description  of  the  proposed 
prediction  model. 

Randomness  implies  that  relative  wire  positions  are 
unknown  and  non-constant  along  the  bundle.  This  means 
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dealing  with  random  variations  of  the  shape  of  the 
bundle  cross-section.  Hence,  modeling  variations  of  the 
bundle  cross-section  is  a  crucial  point  of  the  method. 

We  restrict  the  analysis  to  a  special  family  bundles.  In 
particular,  we  consider  densely  packed  wire-bundles, 
characterized  by  the  following  two  properties:  (a) 
bundles  contain  a  large  number  of  conductors,  (b)  the 
dielectric  jacket  of  each  wire  is  in  contact,  or  nearly  in 
contact,  with  some  of  the  neighboring  wires.  Model 
validity  is  not  related  to  the  total  number  of  conductors 
in  the  bundle;  however,  such  a  number  should  be  large 
enough  for  the  above-mentioned  assumptions  to  hold. 
The  bundle  is  supposed  to  be  placed  over  an  infinite 
ground-plane,  acting  as  the  reference  conductor. 

The  crosstalk  analysis  is  based  on  the  following 
prediction  model.  The  bundle  is  broken  down  into  the 
cascade  of  equal-length  sub-sections,  treated  as 
uniform  MTLs  and  characterized  by  the  same  cross- 
section.  Bundle  non- uniformity  is  modeled  by 
randomly  deciding  wire-interconnections  at  section-to- 
section  junctions. 

The  overall  chain  parameter  matrix  of  the  bundle  is 
then  evaluated  as  the  ordered  product  of  the  chain 
parameter  matrix  describing  each  bundle  sub-section 
by  the  chain  parameter  matrices  of  the  section-to- 
section  junctions. 

Detailed  considerations  on  the  bundle  cross-section 
generation  scheme,  as  well  as  on  the  algorithm  adopted 
for  wire  routing  at  section-to-section  junctions  are 
given  in  the  following. 

2.1.  Bundle  cross-section 

Densely  packed  wire-bundles  containing  a  large 
number  of  conductors  typically  satisfy  properties  (a) 
and  (b)  mentioned  above.  In  such  circumstances, 
bundle  cross-section  is  forced  to  be  pseudo-circular. 
Based  on  these  considerations,  we  introduce  a  standard 
cross-section  geometry,  composed  by  adjacent  wires 
placed  on  a  regular  grid. 


Fig.  1 .  Standard  cross-section  in  the  specific  case  of  a 
bundle  with  16  signal  conductors.  The  same  cross- 
section  is  used  for  modeling  all  the  bundle  sub¬ 
sections. 


As  an  example,  Fig.  1  shows  the  standard  cross-section 
in  the  specific  case  of  a  bundle  with  16  signal 
conductors.  Since  the  larger  is  the  number  of  conductors 
in  the  bundle,  the  more  exact  is  the  pseudo-circular 
cross-section  shape  assumption,  the  same  cross-section  is 
used  for  modeling  all  the  elementary  sub-sections  in 
which  the  bundle  is  broken  down.  Hence,  from  the 
geometrical  point  of  view,  all  the  bundle  sub-sections  are 
identical  uniform  MTLs. 

In  line  with  this  strategy,  per-unit-length  matrix 
parameters  need  to  be  numerically  evaluated  just  once.  In 
other  words,  a  unique  pair  of  per-unit-length  inductance 
and  capacitance  matrices  is  used  to  describe  every  sub¬ 
section  of  a  bundle,  as  well  as  every  realization  of  the 
entire  set  of  bundles  under  analysis. 

From  the  numerical  point  of  view  this  fact  represents  a 
great  advantage,  entailing  high  numerical  efficiency  of 
the  overall  procedure  for  crosstalk  prediction. 

2.2.  Section-to-section  junctions 

Since  the  bundle  model  employs  a  cascade  of  equal  and 
uniform  MTLs,  the  description  of  bundle  non-uniformity 
is  done  via  random  wire  routing  at  section-to-section 
junctions. 

As  a  matter  of  fact,  wire  interchanges  at  section-to- 
section  junctions  are  modeled  by  resorting  to  random 
permutation  matrices.  In  particular,  each  section-to- 
section  junction  is  treated  as  a  wire-interconnecting 
device  of  infinitesimal  length,  and  it  is  characterized  in 
terms  of  the  chain  parameter  matrix.  Due  to  the 
infinitesimal-length  assumption,  the  entries  of  such 
matrix  can  take  only  the  value  of  0  or  1.  This  approach 
can  be  viewed  as  the  generalization  of  the  method 
proposed  in  [6]  for  the  analysis  of  twisted-wire  pairs. 
Wire  routing  is  based  on  the  minimum-distance  criterion. 
This  means  that,  among  all  the  possible  random 
permutation  matrices,  only  those  corresponding  to 
minimum-distance  wire-movements  are  selected. 


Fig.  2.  Schematic  representation  of  a  possible  sequence 
of  wire-movements  at  the  junction  between  two  adjacent 
bundle  sub-sections.  The  sequence  of  movements 
represents  a  hamiltonian  cycle  of  the  graph  associated 
with  the  cross-section. 
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Fig.  3.  Circuit  model  of  a  bundle  sub-section.  Matrices 
and  Pw  are  the  chain  parameter  matrices  of  the 
uniform  sub-section  and  the  wire-interchange  section, 
respectively. 


As  an  example,  Fig.  2  schematically  shows  a  possible 
sequence  of  wire-movements  at  the  junction  between 
two  adjacent  line-sections.  An  arrowed  segment 
between  wire  w,.  and  wire  Wj  indicates  that  wire  w;  of 
the  line-section  at  the  left  of  the  junction  is  connected 
with  wire  Wj  of  the  line-section  at  the  right  of  the 
junction. 

From  the  algorithmic  point  of  view,  the  problem  of 
identifying  and  randomly  selecting  minimum-distance 
permutation  matrices  has  been  solved  by  resorting  to 
graph  theory.  The  bundle  cross-section  is  treated  as  a 
graph,  in  which  the  wires  constitute  graph  nodes  and 
the  possible  wire-movements  represent  graph  branches. 
According  to  this  point  of  view,  the  minimum-distance 
permutation  matrices  used  to  describe  wire  routing  are 
recognized  to  be  the  hamiltonian  cycles  of  the  graph 
[7]. 

According  to  this  model,  the  /i-th  sub-section  of  the 
bundle  is  considered  as  the  cascade  of  a  uniform  line 
section  of  length  £s  and  a  wire  interchange  section. 
Fig.  3  shows  the  block  diagram  of  the  h-th  sub¬ 
section.  Matrix  <P  is  the  chain  parameter  matrix  of  the 
uniform  MTL,  matrix  Pw  is  the  chain  parameter 
matrix  of  the  random  wire-interchange  which  precedes 
(h  + 1)  -  th  sub-section.  These  matrices  are  defined  by 
the  following  relationships: 
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Matrix  Pw  takes  the  form  [6] 
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and  sub-matrix  P(h)  is  the  random  permutation  matrix 
for  wire  voltages  and  currents,  at  the  interface  with  the 
(h  + 1)  -  th  sub-section. 


Fig.  4.  Schematic  representation  of  a  random  wire- 
bundle  running  above  a  ground  plane.  Vector  and 
matrices  ZNE ,  ZFE  characterize  bundle  terminal 
networks,  that  are  modeled  in  terms  of  Thevenin 
equivalent  circuits.  Quantities  VNE ,  VFE  ,  INE  ,  I FE  are 
the  vectors  of  wire  voltages  and  currents  at  the  bundle 
ends. 

The  global  description  of  the  h  -  th  elementary  segment 
of  the  bundle  is  obtained  by  combining  equations  (1)  and 
(2).  This  gives: 


The  overall  chain  parameter  matrix  of  the  bundle  4>B  is 
derived  as  the  ordered  product  of  the  chain  parameter 
matrices  of  the  elementary  line  sections,  i.e.: 


0B=Y[p(N!+,  h)  & . 

h=\ 


(5) 


2.3.  Crosstalk  estimators 

Bundle  equations  together  with  terminal  load  equations 
describe  the  whole  system,  i.e.  a  specific  bundle 
realization,  in  the  frequency  domain. 

Bundle  terminal  networks  have  been  specified  in  terms 
of  Thevenin  equivalent  circuits.  Fig.  4  schematizes  the 
global  circuit  model  of  the  bundle.  Vector  Vs  and 
matrices  ZNE ,  ZFE  characterize  bundle  terminal 
networks,  quantities  VNE  ,  INE ,  VFE ,  I FE  identify  the 
vectors  of  wire  voltages  and  currents  at  near-  and  far- 
end,  respectively. 

Expressions  for  crosstalk  can  be  derived  by  combining 
bundle  equations  with  terminal  loads  equations,  i.e.: 
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Vne  =  -Zne-Ine+Vs  (6b) 

^ FE  ~  FE  '  7 FE  > 

where  quantities  d>u ,  <P12 ,  <P21 ,  and  d>22  represent  the 
four  sub-matrices  of  the  bundle  chain  parameter  matrix 
d> 
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Fig.  5.  Comparison  between  numerical  predictions 
(solid  line)  and  experimental  measurements  (dotted 
line).  Average  values  of  experimental  data  (output  of 
the  spectrum  analyzer)  are  compared  with  the  same 
quantities  obtained  from  prediction.  See  text  for  more 
details. 

Solution  of  equations  (6a),  (6b),  and  (6c)  yields  to  the 
following  expression  for  near-end  currents: 

I NE  =  ~\Pn  ~  ^ FE  '  ~  (^11  ~  FE  '  &21 )  '  ^ Ne\ 

-(^ii  —  -<P2i) 'Vj,  (7) 

and  back  substitution  of  expression  (7)  into  equation 
(6b)  also  gives  near-end  voltages.  Finally,  far-end 
voltages  are  derived  from  equation  (6a): 

Vfe  ~  ‘Vne  ■*■^12 '  ^ ne  ■  (8) 

Repeated  solutions  of  the  above-described  equations 
for  different  bundle  realizations  allows  one  to  generate 
a  data  set  describing  the  range  of  possible  crosstalk 
levels,  at  the  operation  frequency. 

Statistical  manipulation  of  such  data  permits  a  detailed 
characterization  of  crosstalk  in  terms  of  suitable 
estimators.  Typical  computable  quantities  are  upper- 
and  lower-bounds,  mean  value,  variance,  and 
probability  density  function  of  crosstalk  levels. 

3.  NUMERICAL  SIMULATION  AND 
EXPERIMENTAL  MEASUREMENTS 

In  this  section  results  of  numerical  simulations  based 
on  the  method  presented  in  the  previous  sections  are 
described,  and  compared  with  data  obtained  by 
experimental  measurements. 

The  wiring  harness  under  analysis  is  a  bundle 
composed  by  16- wires.  The  bundle  is  placed  at  the 
height  of  2  cm  over  a  metallic  ground  plane,  and 
terminated  with  50  Q.  resistances.  The  bundle  length  is 
1.9  m,  the  metallic-core  radius  of  bundle’s  wires  is 
0.25  mm,  the  dielectric-jacket  radius  (external  radius) 
is  0.4  mm. 


Fig.  6.  Standard  deviation  error  of  crosstalk  data. 
Difference  between  the  standard  deviation  of  predicted 
crosstalk  values,  and  the  standard  deviation  of 
measurement  data.  Curves  differ  only  for  the  number  of 
sub-sections  adopted  for  bundle  modeling.  Solid  and 
dotted  curves  refer  to  4  and  20  sub-section  models, 
respectively.  It  is  worth  noting  that  the  choice 

For  what  concerns  prediction,  the  bundle  cross-section 
has  been  modeled  as  in  Fig.  1.  Per-unit-length  matrix 
parameters  have  been  evaluated  by  means  of  the 
technique  developed  in  [8],  and  based  on  the  Fourier 
expansion  of  the  electric  charge  distribution  on  the  wire 
surface.  Twenty  equal-length  sub-sections  have  been 
used  for  bundle  modeling.  One  hundred  bundle 
realizations  have  been  generated  at  random,  and  the 
voltage  transfer  ratios  between  victim  wire  and  generator 
wire  at  the  near  end  of  each  bundle  have  been  computed. 
In  this  process,  also  the  generator-victim  wire  pairs  have 
been  randomly  selected. 

For  what  concerns  experimental  characterization,  the 
same  wiring  structure  previously  described  has  been 
assembled,  and  100  realizations  of  the  same  bundle  have 
been  obtained  by  repeated  re-wrapping  of  the  same  set  of 
16  wires.  The  crosstalk  between  victim  wire  and 
generator  wire  at  near  end  has  been  measured  by  means 
of  a  spectrum  analyzer,  in  the  frequency  range  from  500 
kHz  to  300  MHz. 

In  Fig.  5,  average  values  of  data  obtained  by 
measurement  (dotted  line)  are  plotted  versus  frequency, 
and  compared  with  the  same  quantities  obtained  by 
prediction  (solid  line).  Of  course,  such  quantities  do  not 
have  the  physical  meaning  of  mean  value  of  crosstalk, 
since  they  have  been  obtained  as  the  average  values  of 
data  expressed  in  dB//V  (output  of  the  spectrum 
analyzer);  however  here  they  are  used  only  for 
comparison  purposes. 

The  good  agreement  of  the  two  curves  (maximum  error 
is  approximately  3  dB)  confirms  the  validity  of  the  one- 
cross-section  approximation  adopted  in  the  model. 

The  decision  of  breaking  down  the  bundle  into  20  sub¬ 
sections  is  worth  for  some  comments.  In  fact,  the  number 
of  uniform  sub-sections  used  for  bundle  modeling  is  a 
crucial  parameter.  Both  underestimation  and 
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overestimation  of  the  number  of  sections  leads  to  low- 
quality  predictions.  The  choice  of  such  a  parameter 
must  be  driven  by  careful  observation  of  the  bundles 
under  analysis.  Of  course,  the  faster  are  wire 
movements  in  the  bundle  cross-section,  the  greater 
must  be  number  of  sub-sections. 

In  order  to  describe  quantitatively  the  impact  of  the 
choice  of  the  number  of  sub-sections,  Fig.  6  shows  the 
difference  between  the  standard  deviation  of  predicted 
crosstalk  values,  and  the  standard  deviation  of 
measurement  data.  Curves  refer  to  simulations  that 
differ  only  for  the  number  of  sub-sections  adopted  for 
bundle  modeling,  and  are  plotted  versus  frequency. 

Solid  and  dotted  curves  refer  to  4  and  20  sub-section 
models,  respectively.  It  is  worth  noting  that  the  choice 
of  20  sub-sections  implies  a  global  reduction  of  the 
standard  deviation  error  of  crosstalk,  even  in  the 
frequency  range  associated  with  bundle  resonances. 
Further  simulations  employing  30  to  40  sub-sections 
have  been  performed.  Related  results,  not  reported  in 
Fig.  6,  have  shown  a  larger  standard  deviation  error. 
This  means  that,  in  the  present  case,  the  choice  of  20 
sub-sections  is  the  closest  to  the  real  evolution  of  wire 
coordinates  in  the  bundle. 

Also  load  configurations  that  yield  to  essentially 
capacitive  (inductive)  crosstalk,  have  been 
investigated,  and  predictions  compared  with  data 
obtained  by  experimental  measurements. 

Predictions  have  confirmed  the  consistence  the 
proposed  technique,  and  have  put  in  evidence  its 
powerful  in  characterizing  crosstalk  in  large  and 
densely-packed  wire-bundles. 

4.  CONCLUSIONS 

In  this  work,  a  statistical  approach  for  the  description 
of  crosstalk  in  densely  packed  wire-bundles  has  been 
presented.  The  bundle  is  decomposed  into  a  cascade  of 
equal-length  MTL  segments,  with  the  same  cross- 
section.  Bundle  randomness  is  modeled  via  random 
wire-interchange  at  section-to-section  junctions. 
Advantages  of  the  proposed  technique  are  to  be  found 
both  in  the  high  numerical  efficiency  (only  one 
evaluation  of  per-unit-length  parameters  is  required), 
and  in  the  statistical  characterization  of  crosstalk. 
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The  analysis  of  the  shielding  effectiveness  of  a 
truncated  chiral  cylinder  is  here  presented.  An  E- 
polarized  cylindrical  wave,  coming  from  the  region 
outside  the  cylinder,  impinges  onto  the  chiral  shield. 
The  chirality  of  the  medium  induces  a  coupling 
between  TAf  and  TEA  waves.  The  truncation  of  the 
practical  shield  has  been  taken  into  account  in  two 
different  ways  here  compared.  The  analytical 
expression  of  the  shielding  effectiveness  has  been 
derived  in  a  closed  form. 

1.  INTRODUCTION 

The  attempt  of  describing  real  shielding  through 
ideal  models  has  to  take  into  account  the  necessity  of 
representing  different  ways  of  access  from  outside,  such 
as  apertures,  joints,  slits  or  cables. 

In  fact,  all  these  elements  necessarly  present  for 
practical  reasons  usually  are  able  to  reduce  drastically 
the  shielding  effectiveness  of  the  whole  shielding 
system. 

The  last  consideration  implies  that  it  is  practically 
useful  to  have  sections  in  which  it  is  easy  to  access  to 
the  shielded  area  or  to  the  shielded  volume  and  in  order 
to  consider  the  decayment  of  the  shielding  properties  of 
the  system  in  an  analytical  way  it  is  necessary  to 
develop  a  complete  electromagnetic  model  even  dealing 
with  unideal  structures. 

Although  it’s  impossible  to  give  such  a  faithful  and 
rigorous  representation  in  these  cases,  the  theory  of 
electromagnetic  shielding  has  so  far  suggested 
descriptions  in  terms  of  circuital  models  in  case  of 
transversal  illimited  planar  cross  sections  of  shi  el  dings 
formed  of  homogeneous  layers,  if  isotropic,  or 
anisotropic  and  bianisotropic. 

A  better  attempt  to  improve  the  model  was  to 
describe  coupling  via  apertures  into  enclosed  regions 
containing  additional  dielectric  or  metallic  bodies  and 
scattering  from  reflector  structures  having  canonical 
geometry,  such  as  spherical  or  cylindrical  shells. 


Fig.l:  Geometry  of  the  considered  structure 

The  model  here  presented  is  concerned  with  a 
fundamental  generalization  of  the  previous 
representations  and  it  considers  the  attempt  to  give  a 
local  description  of  a  real  shielding  in  terms  of  a 
homogeneous  truncated  chiral  cylinder. 

Starting  from  writing  the  components  of  electric 
and  magnetic  field  vectors  on  the  cylindrical  surface 
and  using  the  constitutive  relationships  of  the  material, 
the  boundary  conditions  allow  to  obtain  the  coefficients 
of  the  expansion  in  terms  of  Bessel  and  Hankel 
functions. 

The  cylinder  is  characterized  by  ecfT  ricfr  pc[r  which 
can  be  evaluated  numerically. 

Another  possible  approach  has  been  then  applied  to 
a  dielectric  truncated  cylinder.  In  this  second  case  the 
considered  volume  including  the  incoming  field  and  the 
truncated  cylinder  has  been  divided  into  four 
subvolumes  and  writing  the  boundary  conditions  it  is 
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possible  to  obtain  a  coupled  set  of  equations. 

The  solution  of  these  equations  permits  to  obtain  the 
shielding  effectiveness  in  a  closed  form  even  in  this 
way. 

Both  the  proposed  approaches  present  positive 
features  and  practical  problems  but  it  must  be  enhanced 
since  now  that  through  the  first  one  a  very  useful  and 
powerful  interpretation  of  the  problem  in  terms  of 
equivalent  circuit  network  theory  may  be  deduced. 


The  problem  is  concerned  with  a  E-polarized  plane 
wave  incident  on  a  chiral  truncated  cylinder  (fig.  1). 

The  material  is  characterised  by  using  ,  t|  effi  p,  eff 
instead  of  the  real  parameters  e,r|,  and  p,  in  order  to 
take  into  account  the  effects  of  the  truncation  as  it  is 
usually  done  for  example  dealing  with  microstrip 
structures.  The  effective  parameters  may  be  numerically 
obtained  with  a  suitably  developed  code. 


2.  CHIRAL  MATERIALS 

Chirality  is  a  pure  geometrical  concept,  related  to  the 
bilateral  symmetiy  properties  of  the  considered  object. 
An  object  is  defined  chiral  if  it  cannot  be  brought  into 
congruence  with  its  mirror  image  by  rotation  or 
translation,  i.e.  if  it  lacks  bilateral  symmetiy. 

The  absence  of  bilateral  simmetry  implies  the 
possibility  of  introducing  an  intrinsic  laterality  of  the 
object,  pointing  out,  between  the  same  class,  right-  and 
left-handed  elements. 

From  an  electromagnetic  point  of  view  chirality  has 
been  studied  since  1920-1922  by  Lindman,  that 
considered  microwave  sources  lightening  suitable 
materials  where  some  chiral  wire-helics  were 
embedded. 

A  chiral  medium  can  be  modeled  by  a  collection  of 
chiral  objects  of  same  handedness;  if  the  objects  are 
randomly  oriented  the  material  is  chiral  isotropic. 

A  homogeneous,  isotropic  chiral  medium  can  be 
electromagnetically  described  by  the  following 
constitutive  relations: 

D  =  eE-riH 
B  =  -qE  +  |iH 

where  r|  is  the  chiral  admittance  of  the  medium. 


3.  ANALYTICAL  APPROACH 

Chiral  media  have  been  studied  over  many  years  for 
many  applications  and  for  example  they  have  been 
examined  as  possible  coating  for  reducing  radar  cross 
sections,  for  antennas  and  arrays,  and  in  waveguides. 

The  chiral  material  is  a  reciprocal  medium 
characterized  by  different  phase  velocities  for  right- 
hand  and  left-hand  circularly  polarized  waves,  as  it  is 
possible  to  deduce  from  the  previous  set  of  constitutive 
equations.  In  a  lossless  chiral  medium  any  linearly 
polarized  wave  undergoes  a  rotation  of  its  polarization 
as  it  propagates. 

For  a  chiral  cylinder  the  chirality  itself  induces  an 
interesting  coupling  between  TMZ  e  TEZ  scattering 
waves. 


A  B 
C  D 


Fig  2:  The  equivalent  circuit  model 

In  order  to  rephrase  the  electromagnetic  problem  in 
terms  of  circuit  network  models  a  convenient  way  is 
the  introduction  of  the  Double  Spatial  Fourier 
Transform  of  the  transverse  electric  and  magnetic  fields 
in  the  cylindrical  coordinates,  where  a  is  the  spatial 
frequency  vector. 

The  equivalent  circuit  network  model  of  the 
considered  problem  is  reported  in  Fig.2. 

The  voltage  generator  on  the  left  models  the 
incoming  field,  the  two  matrices  Zq  ,  on  the  left  and 

on  the  right,  model  the  free  space  regions,  the  two-port 
models  the  equivalent  untroncated  chiral  cylinder 
characterized  in  terms  of  effective  physical  parameters 
deduced  in  terms  of  the  physical  ones  and  of  the  kind  of 
truncation  introduced. 

In  order  to  obtain  a  two-port  representation  in  terms 
of  the  transmission  matrices,  it  is  necessary  to  start 
previously  from  the  transversal  form  of  Maxwell 
equation  in  cylindrical  coordinates. 

Starting  from  the  classical  Maxwell  curl  equations 
and  imposing  the  chiral  constitutive  relations  for  the 
chiral  media: 


curlE  =  —jcoHeff  K  ~  J^eff  K 
curlH  =  jcoseff  E  -  jarfeff  K 

It  is  possible  to  express  the  radial  component  of  E  and 
H  in  order  to  express  the  above  equations  only  in 
function  of  the  transversal  components  of  the  electric 
and  magnetic  fields;  the  results  are  given  by  the 
following  set  of  coupled  equations  that,  in  the  spectral 
domain  lead  to  the  equivalent  circuit  model. 
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On  the  contrary  for  what  concerns  the  direct 
representation  of  the  field  in  the  three  regions,  outside 
the  equivalent  effective  shield,  in  the  equivalent  shield 
and  inside  it,  the  components  of  E  and  H  have  to 
satisfy  the  following  boundary  conditions: 

Etot  (r  -  a)  -  Etot  ( r  =  a);  Htot  {r  =  a)  =  Htot  ( r  =  a) 

*1  *2  Z1  z2 

Et (r = a) = Et (r = ■ fl);  HX {r = a) = Ht {r = a) 

E™  (r  =  a  -  Aa)  =  (r  =  a  -  A  a) 

E™  (r  =  a-Aa)  =  E1^  (r  =  a-Aa) 

H™{r  =  a-Aa)  =  H™  (, r=a-Aa ) 

H™ir  =  a-Aa)  =  H™(r  =  a-Aa) 

where  cylindrical  coordinates  have  been  used. 

The  solution  of  the  equations  obatined  by 
introducing  the  suitable  expression  of  the  electric  and 
magnetic  fields  propagating  in  the  considered 
cylindrical  coordinates,  gives  the  following  expression 
of  the  scattered  electrical  field  in  the  region  r  <  a  -  Aa  : 

Ez  =E„  XGjmlJ]ml(,kr)eJm^-*°) 

m=-oo 

Er3  +£n,Hj"*Ju(kr)eM*-f) 

Kf  m=-c o 

E^=-E  0  +2 

m~-  oo 

where  J  and  H  are  the  Bessel  and  Hankcl  functions  and 
the  coefficients  of  the  series  are  given  by: 


where  Q,  and  the  other  parameters  are  the  following 
expressions  of  Bessel  and  Hankel  functions: 
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In  the  four  regions  the  electric  and  magnetic  field 
components  have  to  satisfy  the  following  conditions: 

E™(r  =  a)  =  E%(r  =  a); 

E™(r  =  a-te)  =  Et°3t(r  =  a-Aay, 

H™(r  =  a-Aa)  =  H(°‘(r  =  a-Aa) 
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^(r  =  Q)  =  ^(r  =  a) 


From  the  solution  of  these  equations  we  can  obtain: 
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The  value  of  the  coefficients  defining  Dm  are  the 
following  ones: 


Consequently  the  shielding  effectiveness  may  be 
obtained  in  the  following  closed  form: 


£  =  201og10 


=  20  log  10 


A  second  alternative  approach  has  been  also  here 
considered. 

A  dielectric  truncated  cylinder  is  divided  into  four 
parts:  the  outside  region,  the  inside  region,  the  shield, 
and  the  portion  of  the  cylinder  that  has  been  truncated. 

Its  impedance  is  q.  The  truncated  cylinder  angular 
range  is: 

[-^o>+^o] 

<j>l  =  Im ■  Aa j;^2  =  Imj£  •  Aaj . 
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Finally  the  shielding  effectiveness  for  the  dielectric 
case  in  the  considered  approach  so  follows: 
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This  paper  deals  with  the  radiation  from  a 
transmission  line  with  a  bend  from  both  theoretical  and 
experimental  points  of  view.  First  of  all,  the  radiation 
loss  has  been  estimated  by  means  of  the  method  of 
moments,  and  it  is  fond  to  become  significant  from  the 
line  height  of  h/X~0.1( X:wavelength).  Also,  the 
radiation  loss  is  found  to  increase  significantly  for 
larger  bend  angle( a)  especially  for  higher  h/X  values. 
Then,  radiation  patterns  from  a  bent  transmission  line 
have  been  numerically  computed,  which  may  indicate 
that  the  radiation  is  originated  mainly  at  the  bend,  but 
other  part  is  also  found  to  contribute  to  the  overall 
patterns  with  many  additional  lobes.  These  numerical 
estimations  are  compared  with  the  corresponding 
experiments  by  means  of  a  network  analysis,  and  they 
are  in  excellent  agreement  with  the  theoretical 
expectations. 

1.  INTRODUCTION 

An  important  aspect  of  electromagnetic  interference 
is  the  coupling  of  external  (either  intentional  or 
unintentional)  electromagnetic  waves  to  the 
transmission  lines  and  electronic  systems,  and  there 
have  been  published  a  lot  of  papers  on  this  subject  [see 
our  recent  paper  by  Omid  et  al.  (1997)  [1]  and 
references  therein]. 

The  problem  opposite  to  this  electromagnetic 
coupling,  is  the  radiation  of  undesired  electromagnetic 
waves  from  various  electric  devices,  which  may  lead  to 
their  interference  to  other  electronic  systems. 
However,  there  have  been  carried  out  very  few 
investigations  on  this  radiation  phenomenon,  even 
though  it  is  essentially  fundamental  for  EMC  studies. 
Some  works  [2]  have  been  performed,  in  which 
radiation  from  a  transmission  line  (without  a  bend)  is 
treated  as  being  reciprocal  to  the  electromagnetic 
coupling.  However,  the  PCB  configuration  and  some 
transmission  lines  have  generally  a  bend,  and  we  could 
expect  some  radiation  from  such  a  bend.  Reineix  and 
Jecko  [3]  have  dealt  with  an  approximate  solution  of 
radiation  losses  from  a  transmission  line  with  an  elbow 
(bend),  on  the  assumption  that  radiation  is  generated  at 
the  discontinuity.  Then,  Nakamura  et  al.  [4]  have 
adopted  the  full-wave  analysis  for  a  bent  transmission 
line,  but  the  same  approximation  was  made.  So,  this 
paper  will  deal  with  the  quantitative  (exact)  estimation 
of  such  a  radiation  from  a  bent  transmission  line  by 


means  of  the  full-wave  electromagnetic  theory,  which  is 
confirmed  by  the  corresponding  experiments. 

2.  NUMERICAL  ESTIMATION  AND  EXPERIMENTS 
The  configuration  of  the  problem  is  illustrated  in 
Fig.l,  together  with  the  coordinate  system  used  in  the 
paper.  The  transmission  line  (with  a  radius  (0.006A.) 
much  smaller  than  a  wavelength  A,)  is  suspended  at  a 
height  h  above  an  infinite  perfectly  conducting  ground, 
and  the  line  without  a  bend  goes  further  in  the  x- 
direction.  But,  when  the  line  is  bent  at  the  position  of 
x=0  from  the  x  axis  toward  the  y  axis  by  an  angle  a,  we 
have  the  situation  in  the  upper  panel  of  Fig.  1.  In  the 
conventional  situation  as  a  transmission  line,  the  height 
h  is  taken  to  be  sufficiently  small  with  respect  to  the 
wavelength  A.,  so  that  the  principal  propagation  mode  is 
quasi-TEM  mode.  The  input  voltage  is  assumed  to  be 
1  Volt.  In  order  to  use  the  numerical  electromagnetic 
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Fig.l  Configuration  of  the  problem  and  coordinate 
system  used. 


276 


code  (NEC)  [5]  based  on  the  conventional  method  of 
moments,  we  have  to  consider  the  two-wire  line  as 
shown  in  the  lower  panel  of  Fig.  1 ,  which  is  equivalent 
to  the  bend  situation  in  Fig.  1  by  considering  the  image. 

NEC  2  [5]  is  a  program,  which  solves,  by  means  of 
the  method  of  moments,  the  integro-differential 
equations  derived  from  Maxwell’s  equations  with 
boundary  conditions,  in  which  we  have  to  divide  the 
line  into  many  segments.  The  length  of  such  a  small 
segment  is  taken  as  follows;  0.05X  in  the  vicinity  of  the 
bend  (within  ±  IX.  from  the  bend),  and  O.lX  for  other 
parts.  These  values  for  segmentation  are  finally 
determined,  based  on  the  different  runs  with  changing 
the  segment  length,  such  that  we  have  confirmed  the 
accuracy  of  less  than  1%  for  these  segmentations  when 
computing  the  current  distributions. 

Next,  the  experimental  setup  is  shown  in  Fig.  2,  in 
which  we  intend  to  measure  the  radiation  loss  by  means 
of  the  use  of  a  network  analyzer.  A  bent  transmission 
line  is  placed  as  in  Fig.  2  over  an  aluminum  ground 
plane  with  an  area  of  1.8m  x  1.8m.  The  whole  length 
of  the  bent  line  (2f)  is  fixed  as  90cm  (corresponding  to 
3X  at  1GHz),  and  the  analyzed  frequency  band  is  from 
50MHz  to  2GHz.  The  height  of  the  line  is  fixed  at 
three  different  Values  of  h=6mm,  18mm  and  30mm 
(corresponding  to  X/50,  X/17,  X/10  at  1GHz).  The 
radiation  loss  (expressed  as  a  percentage  of  the  input 
power)  is  estimated  as  l-(jSu|2+|S21|2),  where  SM  and  S2, 
indicate  the  coefficient  of  reflection  and  transmission, 
which  can  be  measured  by  the  network  analyzer.  Fig. 
3  illustrates  another  experimental  setup  for  the 
measurement  of  radiation  patterns  from  a  bent 


Fig.2  Experimental  setup  for  the  measurement  of 
radiation  loss  from  a  bent  line. 


radiation  patterns  of  a  bent  transmission  line. 


transmission  line,  in  which  the  angles,  0  and  <(>  are 
defined.  In  order  to  measure  the  electric  field,  we  have 
used  a  Yagi  antenna. 

3.  RESULTS  OF  COMPUTATIONS  AND 
EXPERIMENTS 

3.1  Radiation  loss 

First  of  all,  we  estimate  the  current  distribution  by 
means  of  the  method  of  moments,  then  estimate  the 
electromagnetic  fields  at  far  distances  and  we  can  obtain 
the  total  radiation  power.  Fig.  4  illustrates  the  numerical 
estimation  at  a  particular  frequency  (1GHz)  for  the 
radiation  loss  as  a  function  of  line  height.  Bend  angle 
(a)  is  treated  as  a  parameter.  As  is  easily  understood 
from  the  figure,  when  the  line  height  is  extremely  small 
(h/X~l/30)  for  which  the  propagation  mode  is  purely 
TEM,  the  radiation  loss  is  found  to  be  of  the  order  of  a 
few  percents.  Also,  the  bending  does  not  significantly 
increase  the  radiation  loss.  While,  when  the  value  of 
h/X  increases  up  to  0.1  (we  still  consider  that  the 
propagation  is  quasi-TEM  mode),  the  radiation  is 
significantly  enhanced  up  to  the  order  of  over  10%  in 
the  case  of  ot=0°  (without  any  bend).  With  the  increase 
in  a,  about  15%  of  the  input  power  is  seen  to  be 
radiated  for  a=90°  and  its  radiation  loss  becomes  even 
larger  for  a>90°. 

Fig.  5  illustrates  the  result  of  comparison  with  the 
experiment,  in  which  the  line  height  is  fixed  as  h=18mm 
and  a=90°.  Then,  the  frequency  dependence  of 
radiation  loss  is  plotted  in  the  figure.  The  oscillation 
of  the  overall  pattern  is  only  resulted  from  the  wave 
interference  over  the  whole  length.  First  of  all,  the 
general  patterns  obtained  by  the  theory  and  experiment 
are  found  to  exhibit  very  similar  behaviors,  which 
means  that  the  theoretical  estimation  as  in  Fig.  4  is 
excellently  confirmed  by  the  experiment.  As  is  shown  in 
this  figure,  the  radiation  loss  is  increasing  with 
increasing  frequency,  which  is  consistent  with  the 
previous  figure  (Fig.  4). 

3.2  Radiation  patterns 

The  radiation  pattern  is  calculated  by  using  the 
estimated  current  distribution  on  the  bent  line.  Fig.  6 
illustrates  the  radiation  pattern  from  the  whole  part  of  a 
bent  transmission  line  (h=6mm,  and  a=90°),  in  which 
E0  and  E0  are  plotted  (see  the  coordinates  in  Fig.  3). 
The  right  panel  indicates  the  theoretical  estimation, 
while  the  left,  the  corresponding  experimental  result. 
It  is  found  that  both  radiation  patterns  are  in  good 
agreement  with  each  other.  Nakamura  et  al.[4]  have 
estimated  the  radiation  by  using  the  full-wave  analysis 
just  like  ours,  but  they  have  had  an  assumption  that  the 
radiation  is  only  from  the  bend.  In  order  to  have  a 
comparison  with  theirs,  we  extract  a  piece  of  current  for 
the  bend  region  (in  the  vicinity  of  the  bend  within  ±1X) 
and  we  compute  the  radiation  patterns.  Those 
computed  ones  are  found  to  be  in  good  agreement  with 
Nakamura  et  al.’s  result.  However,  the  radiation 
patterns  in  Fig.  6  are  considerably  different  from 
Nakamura  et  al.’s,  and  this  difference  may  indicate  that 
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Line  height  h/  A 

Fig.4  Radiation  loss  (as  a  percentage  of  the  input  power)  as  a  function  of  line  height  (h/A). 


Frequency  [MHz] 


Fig.5  Radiation  loss  versus  frequency.  h=18mm  and  a=90°. 

A  full  line  refers  to  the  experiment,  while  a  broken  line,  the  theoretical  estimation. 


even  if  the  radiation  is  mainly  from  the  bend  region,  the 
whole  line  is  also  contribution  to  the  overall  patterns. 
This  is  because  the  number  of  side  lobes  increases 
considerably  as  compared  in  the  case  of  the  radiation 
only  from  the  bend.  This  point  is  clearly  demonstrated 
in  Fig.  7  by  changing  the  total  length  of  the  transmission 
line.  As  is  seen  in  the  figure,  the  general  tendency  (or 
behavior)  in  the  radiation  patterns  is  strictly  reserved, 
but  the  number  of  side  lobes  increases  significantly. 

By  looking  at  Fig.  6  in  the  case  of  a=90°,  we  think 
of  the  physical  mechanism  of  radiation  from  a  bent 
transmission  line.  There  are  two  travelling  wave 
antennas;  one  is  the  current  up  to  the  bend,  and  the  other 
is  that  after  the  bend.  As  we  can  notice  from  the 


current  distribution  in  Fig.  3,  the  standing  wave  pattern 
in  the  current  distribution  enables  us  to  calculate  the 
reflection  coefficient  at  the  bend  to  be  of  the  order  of 
0.1.  Of  course,  the  antenna  before  the  bend  is  the  type 
of  a  standing  wave  due  to  the  reflection  at  the  bend,  but 
the  reflection  is  so  small  that  it  seems  to  be  considered 
more  like  a  traveling  wave  antenna.  So,  we  can  simply 
consider  that  there  are  two  travelling  wave  antennas, 
one  in  the  x-direction  (up  to  the  bend),  and  another  in 
the  y-direction  (after  the  bend).  Correspondingly,  we 
can  anticipate,  for  E  ^  pattern,  one  main  lobe  in  the  x- 
direction  due  to  the  travelling  wave  before  the  bend  and 
another  main  lobe  in  the  y-direction  due  to  that  after  the 
bend.  As  for  radiation  pattern,  we  have  the 
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Experiment  Theory 

90  90 


Fig.6  The  radiation  patterns  for  the  (in  full  line)  and  Efl  (in  broken  line)  components 
with  taking  into  account  the  whole  contribution.  The  same  9  is  assumed  to  be  45°. 


90  90 


Fig.7  Change  in  radiation  patterns  due  to  the  change  in  the  total  length  (2f=2.2A,  left  and 
2£=6.2 A,  right).  h=6mm  and  a=90°. 


combined  effects  of  those  two  antennas  in  the 
intermediate  direction  between  the  two  antenna 
directions. 

4.  CONCLUSION 

The  radiation  from  a  bent  transmission  line  has  been 
investigated  theoretically  and  experimentally,  which  is 
of  fundamental  importance  in  EMC  studies.  The 
radiation  loss  is  principally  determined  by  the  line 
height.  When  h/A  is  less  than  1/30,  a  few  percent  of 
radiation  is  expected,  but  it  increases  up  to  10%  for 
h/A=0.1.  Also,  the  bend  angle  (a)  is  found  to  play  an 
important  role  in  the  radiation.  Furthermore,  the 
radiation  is  found  to  be  not  only  just  around  the  bend, 
but  also  over  a  whole  length. 
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The  recent  innovations  in  connecting  hardware  and 
smart  encoding  schemes  make  it  possible  the  old  cop¬ 
per  installations  are  capable  to  support  Tl/El  bit 
rates.  It  is  obvious  that  old  networks  destined  for 
POTS,  will  intensively  dissipate  energy  transmitted 
by  new  wideband  services  and  they  should  be  re¬ 
garded  as  a  potential  source  of  electromagnetic  haz¬ 
ards.  This  note  reports  results  of  the  study  towards 
developing  a  computer-aided  method  for  numerical 
modeling  of  an  electromagnetic  environment  in  a 
close  vicinity  of  cables  carrying  signals  of  wideband 
transmission  systems.  The  proposed  method  is  for¬ 
mulated  in  the  frequency  domain  and  uses  multicon¬ 
ductor  transmission  line  theory  for  determination  of 
field  sources.  Subsequently,  fullwave  approach  is  ap¬ 
plied  to  find  near  electromagnetic  field  in  the  vicinity 
of  the  cable. 

1  INTRODUCTION 

Bandwidth  “hungry”  computing  applications,  the 
increasing  need  for  information  sharing  and  the  ex¬ 
plosive  growth  in  higher  data  transmission  rates  de¬ 
mand  the  greater  speed  and  larger  bandwidth  from 
LANs  (Local  Area  Networks)  or  local  premises  tele¬ 
phone  installations.  One  method  of  improving  the 
information  infrastructure  is  to  install  an  all-fibre 
network.  However,  the  all-fibre  premises  distribution 
network  has  its  price:  implementing  it  requires  the 
replacement  of  copper  cables  with  fibre  and  the  in¬ 
stallation  of  more  expensive  active  components,  such 
as  fibre  optic  interface  devices.  With  recent  innova¬ 
tions  in  the  design  of  connecting  hardware  and  smart 
encoding  schemes  UTP  (Unshielded  Twisted  Pair)  or 
FTP  (Foiled  Twisted  Pair)  cables  are  now  capable  of 
supporting  high  bit  rates. 

DSL  (Digital  Subscriber  Line)  refers  to  several 
types  of  advanced  modems  that  enable  fast  access  at 
speeds  300  times  faster  than  most  analog  modems. 
Since  DSL  works  on  regular  telephone  lines  they  are 


considered  a  key  means  of  opening  the  bottleneck 
in  the  “last  mile”  of  the  existing  telephone  infras¬ 
tructure.  It  is  obvious  that  old  premise  networks, 
destined  for  the  POTS,  will  intensively  dissipate  en¬ 
ergy  for  the  new  modulation  schemes  and  they  might 
become  a  source  of  not  negligible  electromagnetic  ra¬ 
diation.  The  above  observation  leads  to  the  conclu¬ 
sion  that  new  services  installed  on  existing  networks 
should  be  treated  not  only  as  victims  of  the  external 
noise,  but  also  as  potential  sources  of  electromagnetic 
emissions.  This,  in  turn,  calls  for  the  elaboration  of 
the  fast,  reliable,  computer  aided  method  for  prog¬ 
nosis  of  electromagnetic  hazards  arising  in  this  new 
environment. 

2  NUMERICAL  MODEL 
Numerical  models  for  the  radiation  of  the  cable 
with  the  given  parameters  can  be  derived  on  a  basis 
of  computational  intensive  methods  based  on  a  di¬ 
rect  solution  of  Maxwell  equations.  However,  every¬ 
day  EMC  engineering  practice  requires  maybe  less 
accurate  but  more  efficient  methods. 

We  use  multiconductor  transmission  line  theory  to 
determine  current  distribution  along  the  cable  [1]  and 
full- wave  approach  [2]  to  determine  field  of  a  specified 
current  distribution. 

2.1  Calculation  of  the  current  distribution 
For  a  system  of  N  conductors  (plus  reference  con¬ 
ductor)  telegraphers  equation  can  be  written  in  the 
matrix  form 


T?1 +  **<•)  =  ° 

(la) 

dl(8\ 

ds  +  Y  V  (s)  =  0 

(lb) 

where  V  (s)  and  I  (s)  are  the  voltage  and  current  vec¬ 
tors  and  Z'  and  Y'  are  the  square  N  x  N  matrices 
describing  per  unit  length  line  parameters.  These 
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two  first  order  differential  equations  can  be  trans¬ 
formed  into  second  order  equation  for  the  current 
distribution 

¥1&-.R'I(s)  =  0  (2) 

where  R'  =  Y'Z'.  The  solution  of  this  equation  has 
the  form 


I  (s)  =  ZC-1S-1  [E+  (s)  a  —  E“  (s)  b]  (3) 


where 
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and  matrix  S  is  a  diagonalisation  matrix  of  R',  7 ,•  is 
a  propagation  constant  of  the  i-th  mode  and  vectors 
a  and  b  have  to  be  calculated  from  the  boundary 
conditions. 


2.2  Decomposition  on  elementary  dipoles 

Due  to  linearity  of  Maxwell  equations  linear  ex¬ 
tended  source  (i.e.  cable)  can  be  decomposed  into 
collection  of  short  sections  and  each  section  can  be 
treated  as  elementary  dipole.  If  the  cable  section 
length  l  holds  the  condition  [2]  l  <  A/10  (A  is  the 
wavelength)  then  one  can  neglect  the  current  spa¬ 
tial  dependency  on  a  dipole.  We  have  in  this  case 
the  staircase  approximation  of  the  current  distribu¬ 
tion  along  the  cable,  and  in  the  net  effect  the  entire 
structure  is  replaced  by  a  set  of  elementary  dipoles. 
The  resulting  field  can  be  determined  as  a  sum  of 
respectively  retarded  contributions. 

The  rigorous  approach  to  field  calculation  in  the 
presence  of  a  lossy  ground  requires  computation  of 
the  so  called  Sommerfeld  integrals  [3].  The  compu¬ 
tation  cost  of  those  integrals  is  prohibitively  large 
and  unacceptable  in  most  practical  implementations. 
Fortunately,  the  finite  ground  conductivity  has  in 
many  cases  only  a  small  impact  on  field  values  and 
it  is  acceptable  to  use  approximated  method  based 
on  perfect  soil  assumption  and  method  of  electrical 
images. 


all  distances  of  interest,  and  current  Io  constant  over 
dipole.  The  solution  of  Maxwell  equations  in  free 
space  for  this  source  configuration  has  the  form  [4] 

E=“i4S{[(^)2-(1+iH 1( 

-  [(*i?)2  -3(1  +  y*R)]  (1,  •  1R)  1*}  ~ 

(7a) 

IJ  e~ikR 

H=^(l,xl*)(l  +  j^)_  (7b) 

where  tj  is  the  wave  impedance,  R  distance  from  the 
source  to  observation  point,  Ik  respective  directional 
vector  and  k  =  27t/A. 

3  METHOD  VALIDATION 

Method  validation  can  be  performed  by  compar¬ 
ing  its  results  with  predictions  of  other  methods  that 
implement  commonly  accepted  and  verified  mod¬ 
els  or  by  the  comparison  with  independently  con¬ 
ducted  computations  based  on  the  same  mathemati¬ 
cal  model  of  the  reality.  In  the  following  sections  we 
present  method  validation  as  a  two  stage  process: 

1.  comparison  with  independent  multiconductor 
transmission  line  analysis  code  developed  by  Ex- 
cem  [5] 

2.  comparison  with  MOMIC  code  implementing 
rigorous  full- wave  approach  to  scattering  and  ra¬ 
diation  problems  [6] 

The  mentioned  above  programs  were  used  for  ver¬ 
ification  of  current  and  field  distributions  for  some 
canonical  examples.  All  field  calculations  are  per¬ 
formed  with  perfect  ground  assumption.  Keys  for 
presented  plots  have  the  following  meaning:  line  code 
denotes  results  obtained  with  the  validated  program, 
Excem  code  -  results  from  [5],  MOM  code  -  results 
obtained  by  a  rigorous  approach  to  electromagnetic 
waves  radiation  based  on  solution  of  an  integral  equa¬ 
tion  for  current  distribution  with  method  of  moments 
[6], 

3.1  Comparison  with  Excem  code 

The  distribution  of  sources  uniquely  determines 
the  electromagnetic  field.  The  effective,  nonbalanced 
current  flowing  along  the  multiconductor  cable  is  the 
field  source  in  our  case.  The  report  [5]  was  chosen 
as  a  source  of  reliable  data  to  validate  current  dis¬ 
tribution  along  the  cable.  We  considered  four  pair 
UTP  cable  with  each  pair  loaded  with  R0  —  120  D 
and  one  pair  forced  with  voltage  Vo  =  2  V.  The  cable 
has  length  L  —  10  m  and  was  positioned  on  height 
h  —  10  cm.  The  current  distribution  along  cable  for 
frequency  2.818  MHz  is  presented  on  Fig.  1 


2.3  Field  of  an  elementary  dipole 
The  elementary  dipole  is  characterized  by  its  di¬ 
rectional  vector  1 ; ,  length  l  that  is  small  compared  to 


3.2  Comparison  with  method  of  moments 
Lets  consider  transmission  line  composed  by  a  hor¬ 
izontal  conductor  over  perfectly  conducting  ground 
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Figure  1:  Effective  current  distribution  along  multi¬ 
conductor  line. 


(see  Fig.  2)  and  grounded  at  both  ends  by  loading 
impedances.  This  structure  (together  with  its  elec- 


Figure  2:  Transmission  line  geometry,  L  =  2  m,  h  = 
1  cm,  a  —  1  mm,  ZjA  =  Z12  =  50  fi. 

trical  image)  was  analysed  by  a  rigorous  approach 
and  with  proposed  method.  The  observed  quantity 
was  an  electric  field  produced  at  point  P  ( L ,  L/2, 2 h). 


4  PARAMETRIC  STUDY 

A  motivation  in  developing  a  model  is  to  have  the 
capability  to  perform  parametric  studies,  in  which  in¬ 
dependent  model  parameters  can  be  varied  in  order 
to  gain  a  global  understanding  of  the  phenomenon. 
We  used  presented  method  to  investigate  the  field  de¬ 
pendence  in  the  vicinity  of  the  multiconductor  trans¬ 
mission  line  on  the  following  parameters: 

•  cable  type, 

•  geometrical  configuration  of  the  line, 

•  line  forcing. 

4.1  Calculation  setup 

The  considered  line  is  composed  from  sections  of 
different  length  of  UTP  four  pair  cables  S278  and 
S298.  Each  pair  is  terminated  with  the  resistance 
120  Q.  Two  cases  of  line  forcing  were  considered: 
first  pair  forced  by  a  sinusoidal  voltage  of  amplitude 
2  V,  or  all  pairs  forced  with  the  voltage  same  as 
previously.  This  forcing  conditions  are  identified  on 
graphs  by  keys  VI  and  V4,  respectively.  Geometrical 
configurations  further  referenced  as  I-like  and  U-like 
are  presented  on  Fig.  4  and  Fig.  5.  Configura- 


Figure  4:  “I-like”  geometry. 
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Figure  3:  Field  at  point  P  (L,  L/2,2h). 


It  is  clearly  seen  from  Fig.  3  that  antenna  mode 
gives  no  contribution  to  the  current  on  the  line, 
and  in  consequence,  radiated  fields  predicted  by  the 
transmission  line  theory  and  rigorous  approach  are 
the  same. 


tions  are  parametrized  by  the  cable  section  length  L 
and  the  height  h  above  ground,  which  is  assumed  to 
be  ideal.  Observation  point  was  positioned  at  point 
P(lm,L/2,lm).  The  calculations  were  performed  for 
two  heights  and  three  lengths. 
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Table  1:  Parameters  of  calculations 


cable 

height 

geometry 

length 

forcing 

S278 

h  =  15  cm 

I-like 

i  =  5m 

VI 

S298 

h  =  1  m 

U-like 

L  =  10  m 

L  =  15  m 

V4 

Figure  6:  Amplitudes  at  resonant  frequencies. 


l[Hz] 


Figure  7 :  Dependency  of  resonant  frequencies  on  ge¬ 
ometrical  configuration. 


4.2  Discussion 

The  strength  of  the  field  at  the  resonant  frequency 
strongly  depends  on  cable  type  but  resonant  fre¬ 
quency  itself  does  not  (see  Fig.  6). 

The  resonant  frequencies  are  determined  by  ge¬ 
ometrical  configuration  (see  Fig.  7)  of  the  system, 
and  it  is  not  possible  to  design  modulation  schemes 
to  program  them  out  i.e.  make  PSD  (Power  Spec¬ 
tral  Density)  function  small  at  resonant  frequencies. 
However,  it  is  still  possible  to  design  new  modulation 
schemes  to  avoid  resonant  frequencies  of  potential 
victims,  for  instance  radio  amateur  receivers. 

5  CONCLUSION 

The  proposed  method  is  general  and  flexible.  Vir¬ 
tually,  it  is  capable  to  analyse  any  service  supported 
over  any  cable,  unless  reliable  cable  model  and  PSD 
function  of  the  transmitted  signal  are  known.  The 
method  is  also  fast  as  the  computation  time  grows 
with  square  of  the  number  of  pairs  in  a  cable  and 


linearly  with  the  cable  length.  Moreover,  method  is 
able  to  analyse  not  only  straight  section  of  the  cable, 
but  also  handles  networks  with  cable  bends. 
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It  is  very  important  for  operating  naval  ships  to 
know  the  distribution  of  electromagnetic  fields  on  the 
upper  deck.  This  knowledge  is  needed  for  a  proper 
work  of  the  communication  system  as  well  as  for  elec¬ 
tromagnetic  sensors,  radar  systems,  weapon  systems 
etc.  Furthermore  it  is  to  guarantee  the  personal  sa¬ 
fety  and  the  safety  of  ammunition  against  electro¬ 
magnetic  fields.  The  Method  of  Moments  (MoM)  is  a 
useful  way  for  field  analysis  on  naval  ships  within  fre¬ 
quencies  up  to  HF  region.  Starting  at  UHF  region  the 
Uniform  Geometrical  Theory  of  Diffraction  (tJTD,)  is 
an  appropriate  method.  How  to  operate  UTD  is  pre¬ 
sented  in  this  paper. 

1  Introduction 

The  analysis  of  electromagnetic  fields  is  mainly 
divided  into  two  frequency  ranges,  the  classic  com¬ 
munication  frequencies  up  to  30  MHz  and  a  region 
starting  about  1  GHz  in  majority  radar  systems.  The 
lower  frequency  analysis  can  be  done  by  Method  of 
Moments  (MoM)  [4,  1,6].  For  the  higher  region  star¬ 
ting  with  frequencies  about  1  GHz  the  Uniform  Geo¬ 
metrical  Theory  of  Diffraction  (UTD)  [5,  7]  is  a  very 
efficient  tool.  One  important  precondition  of  UTD  is 
that  the  structures  of  the  investigated  arrangements 
have  to  be  greater  than  a  wave  length  (A).  Also  they 
must  have  a  good  conductivity.  These  conditions 
are  fundamentally  fulfilled  for  a  ship.  Apart  from  a 
direct  incident  field  UTD  considers  field  components 
which  are  reflected  and  diffracted.  Additionally  parts 
caused  by  creepy  waves  and  multiple  scattered  field 
components  are  included  [7], 

Some  extra  problems  occur  by  using  UTD  for  field 
analysis  on  a  naval  ship.  Most  of  the  antenna  sy¬ 
stems  in  the  frequency  region  above  1  GHz  have  a 
large  gain.  The  main  lobe  has  multiple  directions  for 
different  modes.  So  how  to  describe  the  sources  of 
the  electromagnetic  fields?  What  kind  of  model  can 
be  used  for  the  superstructure  of  the  ship?  A  useful 
representation  of  the  field  sink,  the  equipment  which 
might  be  disturbed  by  the  fields,  has  to  be  found. 


2  EMC  Analysis 

EMC  work  for  systems  like  naval  ships  and  sub¬ 
marines  starts  with  the  collection  of  the  data  of  the 
equipment  and  subsystems.  Then  the  sources  and 
the  sinks  of  electromagnetic  influences  (EMI)  are  or¬ 
dered  into  a  column  and  a  line  which  build  up  a 
coupling  matrix.  The  elements  of  the  matrix  repre¬ 
sent  combinations  of  sources  of  disturbance  and  sinks 
of  disturbance. 


sink  of  dist. 
source  of  dist. 

sink  2 

sink  4 

source  2 

- 

X 

source  4 

X 

0 

Table  1:  Part  of  the  coupling  matrix  of  a  system  with 
the  sinks  and  sources  of  disturbance  (dist.). 

Each  combination  has  to  be  regarded.  Using  the 
experience  of  other  projects  one  is  able  to  consi¬ 
derably  reduce  the  combinations  which  have  to  be 
analysed.  These  combinations  are  marked  with  a 
minus  (-)  (Tab.  1  sink2,  source  2).  Combinations 
which  have  to  be  observed  furthermore  are  marked 
with  a  x  (Tab.l  sink  2,  source  4).  If  the  result  of  the 
analysis  delivers  that  there  is  still  an  Electromagne¬ 
tic  Interference  (EMI)  the  sign  remains  a  X  (Tab.l 
sink  4,  source  2).  Otherwise  a  0  indicates  that  the 
result  of  the  analysis  delivers  no  EMI  (Tab.l  sink  4, 
source  4). 

2.1  Field  Source  Modelling 

In  practical  operation  there  is  less  data  of  an  antenna 
system  available  for  the  EMC  specialist  of  the  ship 
yard  to  do  a  field  analysis.  Perhaps  the  system  is  still 
under  development,  maybe  the  (more  detailed)  data 
is  secret.  Usually  there  is  a  specification  describing 
only  the  Isotropic  Radiated  Power  (EIRP)  and  the 
attenuation  of  the  side  lobe. 
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Fig.  1:  The  aft  phase  array  radar  antenna  of  the  ship. 
The  arrangement  of  the  point  sources  of  the  antenna, 
its  orientation  and  dimensions  are  shown. 

Additionally  it  is  not  possible  for  the  EMC  analysis 
to  observe  all  realizable  directions  of  the  main  lobe. 
So  in  a  first  step  the  source  is  modelled  by  an  iso¬ 
tropic  radiator  with  the  EIRP  of  the  antenna  system. 
It  is  a  true  “worst  case“  estimation  of  the  fields  on 
the  ship  deck  caused  by  the  field  source.  This  model 
represents  the  main  lobe  of  the  antenna  illuminating 
the  complete  upper  deck  structures. 

If  the  calculated  field  strength  is  lower  than  the 
susceptibility  limit  of  the  field  sink,  work  is  already 
done.  Providing  this  is  not  the  case  the  question  has 


y 


Fig.  2:  Horizontal  antenna  diagram  of  the  array  an¬ 
tenna  for  horizon  main  lobe  with  a  range  of  100  dB. 


Fig.  3:  Vertical  antenna  diagram  of  the  array  an¬ 
tenna  for  horizon  main  lobe  with  a  range  of  100  dB. 

to  be  answered  if  one  can  assume  that  the  main  lobe 
will  never  hit  the  upper  deck.  Usually  for  functional 
reasons  there  is  no  need  to  illuminate  these  structu¬ 
res  by  the  main  lobe.  Then  the  field  value  delivered 
by  the  analysis  can  be  reduced  by  the  side  lobe  at¬ 
tenuation. 

Fig.  1  shows  the  aft  radar  antenna  face  of  the 
ship.  The  horizon  diagram  is  shown  in  Fig.  2,  Fig.  3 
represents  the  vertical  diagram  of  this  antenna  for 
main  lobe  with  horizon  direction.  The  range  of  the 
diagrams  is  100  dB.  It  can  be  seen  that  according  to 
Fig.  3  a  side  lobe  attenuation  of  about  12  dB  can  be 
assumed. 

Perhaps  the  field  strength  for  the  field  sink  is  still 
too  high.  So  more  detailed  information  about  the  be¬ 
haviour  of  the  transmitting  antenna  can  help  to  find 
a  better  description  for  its  radiation  to  do  an  optimi¬ 
zed  new  analysis  [3].  If  there  is  no  more  additional 
information  measures  have  to  be  taken  to  eliminate 
this  EMI. 

2.2  Modelling  of  Ship  Structure 

The  ship  which  has  to  be  investigated  is  shown  in 
Fig.  4.  Using  MoM  for  the  HF  band  the  structure  of  the 
ship  has  to  be  described  by  patches.  These  patches 
must  be  small  in  terms  of  the  wave  length.  To  use 
UTD  for  field  analysis  the  structures  of  the  model  have 
to  be  large  compared  with  the  wave  length.  The 
surface  of  the  ship  can  be  described  by  a  polyhedron 
(Fig.  5).  All  parts  of  the  ship  above  water-line  are 
modelled.  The  surface  of  the  water  is  also  included 
and  represented  by  an  infinite  plane. 


Fig.  4:  Side  view  of  the  ship  with  the  antenna  systems  for  communication  and  radar.  The  radiation  of  antennas 
up  to  HF  region  is  analysed  with  the  Method  of  Moments.  For  frequencies  starting  at  UHF  region  Uniform 
Geometric  Theory  of  Diffraction  is  used. 


Fig.  5:  Model  of  the  ship  for  EMC  analysis  in  frequency  region  above  1  GHz  with  UTD.  The  model  consists  in 
approximately  400  flat  surface  elements,  triangles  and  quadrangles. 


Fig.  6:  Optimized  model  of  the  ship  with  additional  components  of  the  superstructure  for  EMC  analysis  in 
frequency  region  above  1  GHz.  The  structure  is  described  in  more  details.  Therfore  again  about  400  elements 
have  to  be  used. 

The  polyhedron  model  consists  in  triangles  and  much  more  time  for  the  calculation.  So  it  is  useful  to 

quadrangles.  Also  patches  limited  by  n  straight  li-  consider  only  double  scattering  processes  containing 

nes  can  be  used  [2].  But  attention  has  to  be  paid  at  least  one  reflection. 

that  theses  patches  are  plain.  Their  dimensions  have  The  model  of  the  ship  according  to  Fig.  5  can  be 

to  be  large  in  terms  of  the  wave  length.  To  consider  optimized  to  save  time.  The  surface  of  the  sea  has 

all  the  UTD  scattering  processes  with  important  field  no  influence  on  the  field  distribution  at  the  super¬ 
contribution  it  is  useful  to  regard  reflections,  diffrac-  structure  of  the  ship.  The  helicopter  deck  and  other 

tions  and  parts  caused  by  creepy  waves.  Multiple  parts  do  not  influence  the  field  distribution  at  the 

diffracted  fields  deliver  less  field  strength  but  need  investigated  points.  So  they  are  removed  (Fig.  6). 


287 


2.3  Describing  of  Field  Sinks 

The  valid  field  strength  for  the  EMC  susceptibility  of 
an  equipment  is  measured  in  the  test  range  in  ab¬ 
sence  of  the  equipment.  Therefore  the  field  calcu¬ 
lations  on  the  ship  are  also  done  without  modelling 
the  equipment.  So  a  plain  model  of  the  ship  is  used 
(Fig.  6)  for  the  EMC  analysis.  The  electric  field  has 
to  be  calculated  at  the  most  susceptible  part  of  the 
subsystem,  mainly  the  antenna.  To  consider  the  di¬ 
mensions  of  the  equipment  field  calculations  should 
not  be  done  for  a  single  point.  Therefore  fields  are 
calculated  in  a  field  region.  Another  aspect  should 


Fig.  7:  Field  region  with  5x5x5  test  points  (+)  in 
a  cube  with  the  dimensions  of  A/2  x  A/2  x  A/2. 


be  observed.  It  is  possible  that  the  field  distribution 
is  caused  by  resonant  effects.  If  a  single  field  point  is 
chosen  it  might  happen  that  the  field  value  is  much 
too  low.  A  cubic  field  region  with  the  dimension  of  a 
half  wave  length  is  chosen  to  regard  all  of  these  items 
(Fig.  7).  The  maximum  field  strength  in  the  cube  is 
the  relevant  value  to  compare  with  the  susceptibility 
of  the  equipment. 

3  Examples 

In  the  following  two  examples  are  presented.  They 
show  the  advantages  of  modern  field  analysis  tools  for 
EMC  analysis  in  naval  shipbuilding  in  the  frequency 
region  above  1  GHz. 

3.1  Field  Sink  on  a  Mast 


Fig.  8:  Rays  of  field  radiation  from  an  aft  radar  sy¬ 
stem  into  an  antenna  on  the  middle  mast. 


Fig.  8  shows  the  rays  between  an  aft  radar  antenna 
of  the  ship  and  a  field  sink  on  a  mast  in  the  middle 
of  the  ship.  Direct  field  propagation,  reflections  and 
diffractions  are  regarded.  Additionally  the  following 
double  scattered  fields  are  included  into  the  analysis: 
reflection  -  reflection,  reflection  -  diffraction,  diffrac¬ 
tion  -  reflection.  Only  one  test  point  is  selected  to 
represent  the  field  sink.  For  this  simple  example  al¬ 
ready  25  rays  deliver  contributions  to  the  field  at  the 
position  of  the  field  sink. 


Fig.  9:  Field  diagram  of  the  field  radiation  from  an 
aft  radar  system  into  an  antenna  on  the  middle  mast. 
The  results  for  the  test  points  are  scaled  and  sorted 
according  to  the  height  of  the  values. 

Fig.  9  shows  the  diagram  generated  by  the  analy¬ 
sis  tool.  It  is  already  stated,  that  a  field  region  with 
test  points  is  chosen  to  represent  the  field  sink.  The 
field  strength  in  the  test  points  is  arranged  by  falling 
amplitudes.  The  maximum  value  is  relevant  for  the 
susceptibility  level  of  the  field  sink.  The  minimum 
value  is  about  56%  of  this  field  and  significantly  lower 
than  the  maximum. 

3.2  Field  Sink  on  the  Bridge  Roof 

The  rays  between  the  aft  radar  antenna  and  a  field 
sink  at  the  roof  of  the  bridge  is  shown  in  Fig.  10.  Di¬ 
rect  field,  single  scattered  fields  and  double  scattered 
fields  are  considered,  Looking  at  the  two  dimensional 
drawings  of  the  ship,  nobody  would  expect  that  there 
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Fig.  10:  Rays  of  field  radiation  from  an  aft  radar 
system  into  an  antenna  on  the  roof  of  the  bridge. 


might  be  a  a  direct  ray  between  the  radar  antenna 
and  the  field  sink.  But  the  numeric  calculation  shows 
that  there  are  17  different  paths  from  the  source  to 
the  sink:  One  direct  ray,  5  rays  representing  single 
scattered  fields  and  11  rays  caused  by  double  scatte¬ 
red  processes  (Fig.  10). 


0  20  40  £0  BO  100  120 


Fig.  11:  Field  diagram  of  the  field  radiation  from  an 
aft  radar  system  into  an  antenna  on  the  roof  of  the 
bridge.  The  results  for  the  test  points  are  scaled  and 
sorted  according  to  the  height  of  the  values. 

The  corresponding  field  diagram  is  shown  in 
Fig.  11.  The  minimum  value  is  36%  of  the  maximum 
value.  So  a  field  calculation  in  only  one  point  could 
cause  a  field  strength  which  might  be  only  about  one 
third  of  the  maximum  value  at  the  position  of  the  real 
field  sink. 

4  Conclusion 

The  UTD  is  an  adequate  method  for  field  calculati¬ 
ons  in  the  frequency  region  starting  about  1  GHz.  So 
UTD  is  a  useful  tool  for  a  EMC  analysis  of  a  ship’s  su¬ 
perstructure.  Therefore  suitable  descriptions  for  the 
radiation  of  the  antennas  are  presented.  The  struc¬ 
ture  of  the  ship  has  to  be  build  up  by  a  polyhedron. 


For  the  source  of  disturbance  a  field  region  has  to 
be  defined.  Using  the  results  of  this  calculation  one 
is  able  to  evaluate  the  EMC  of  an  equipment  on  the 
superstructure  of  a  ship. 
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Abstract:  One  application  of  electromagnetic  fields 
is  to  purify  contaminated  soil  by  vaporizing  liquid 
pollutions  via  dielectric  heating.  Depending  on  the 
relevant  material,  the  interaction  between  thermal 
and  electromagnetic  fields  is  of  considerable  influence 
on  the  temperature.  A  new  procedure  for  the  coupled 
calculation  of  electromagnetic  and  thermal  fields  in 
3-dimensional  objects  is  presented,  using  the  FEM 
(Finite  Element  Method).  The  procedure  is  based  on 
the  considerable  difference  between  the  time  constants 
of  the  field  propagation.  By  alternately  calculating 
the  electromagnetic  and  the  thermal  field  the  inter¬ 
action  of  the  fields  is  taken  into  account.  Therefore 
the  temperature  dependency  of  the  electromagnetic 
material  properties  must  be  known.  For  this  reason 
a  new  test  setup  and  a  time-domain  measurement 
method  have  been  developed  for  measuring  permittivity 
and  conductivity.  Simulation  results  visualize  the 
difference  between  electromagnetically  and  thermally 
coupled  and  uncoupled  field  calculation. 

1  Introduction 


Figure  1:  electromagnetic- thermal  interaction 

tivity  Cd-  For  harmonic  excitation  both,  dielectric  loss 
and  conduction  loss,  can  be  considered  together  in  an 
effective  conductivity  aeg.  The  power  loss  is  described 
by  the  dissipation  factor  tan  5: 

£  =  e0  (4  -  3£")  1  Veff  =  Vd  +  tueo £r,  tan  6  = 

cje  q£t 

where  e'r  and  e"  represent  the  real  and  imaginary 
part  of  the  complex  relative  permittivity  er.  £o  is  the 
dielectric  constant  for  free  space  and  ui  the  angular 
frequency.  Inside  an  infinitesimal  small  volume  the 
field  strength  is  constant.  The  power  loss  density  or 
heat  generation  rate  p  is  given  by: 


For  determination  of  a  required  energy  feed  via  elec¬ 
tromagnetic  fields  or  for  the  estimation  of  a  possible 
thermal  hazard,  the  calculation  of  electromagnetically 
and  thermally  coupled  fields  is  of  rapidly  growing  im¬ 
portance.  The  soil  decontamination  is  one  of  several 
applications  for  this  principle.  Well-known  are  also 
dielectric  heating  in  the  microwave  range,  diathermy 
as  medical  therapy  or  absorbtion  of  electromagnetic 
fields. 

It  can  be  said  that,  in  the  majority  of  cases,  temper¬ 
ature  dependencies  of  electromagnetic  material  prop¬ 
erties  are  rarely  taken  into  account  or  the  resulting 
reaction  on  applied  electromagnetic  fields  is  being  ne¬ 
glected. 

This  paper  shows  a  solution  for  the  determination  of 
interacting  thermal  and  electromagnetic  fields  (Fig.  1). 
The  origins  of  power  loss  in  real  dielectric  material  are 
the  polarization  effects,  caused  by  the  electric  field  and 
described  by  e",  and  additional  the  dielectric  conduc- 


p(x,t,T)  =  ±-aeff(T)-\E(x,t)\2  (1) 

where  3  represents  the  electric  field  strength,  T  the 
temperature,  t  the  time  and  x  the  location.  Calcula¬ 
tion  examples  for  dominant  heat  conduction  are  given 
in  section  4.  Convection  and  radiation  on  the  ob¬ 
jects  surface  are  boundary  conditions  for  Fourier’s  law 
q(x,  t,  T)  =  -A th(x,  T)  ■  VT(f,  t)  (2) 

where  q  and  A th  represents  the  total  heat  flux  vector 
and  the  thermal  heat  conductivity  respectively.  Thus, 
the  law  of  heat  conduction  for  a  resting,  isotropic, 
incompressible  medium  in  a  closed  system  is 

p(T)  ■  cp(T)  ~  =  V  [Xth  (T)  •  VT]  +p(x,t,T)  (3) 

(p:  density,  cp:  specific  heat).  So,  the  differential  equa¬ 
tions  of  the  electromagnetic  and  the  thermal  field  are 
coupled  by  the  power  loss  density  p  and  the  tempera¬ 
ture  dependency  of  electromagnetic  material  parame¬ 
ters  like  oeff  and  e' . 
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Figure  2:  Flow  chart  showing  algorithm 

2  Coupled  Field  Calculation 

This  paper  presents  a  procedure  where  the  interac¬ 
tion  of  the  fields  is  taken  into  account  by  alternating 
calculation  of  electromagnetic  and  thermal  field 
(Fig.  2)[1].  The  method  is  based  on  the  considerable 
difference  between  the  time  constants  of  electromag¬ 
netic  and  thermal  field  propagation. 

Because  of  local  heat  generation  and  temperature 
dependent  material  properties,  the  program  must  be 
able  to  change  these  properties  locally.  Therefore 
the  Finite  Element  Method  (FEM)  is  applied  to  a 
3-dimensional  model.  The  electromagnetic  field  is 
calculated  with  the  help  of  the  program  EMAS  and 
the  temperature  field  by  means  of  ANSYS  (Fig.  2). 
The  calculated  electromagnetic  field  is  assumed  to  be 
constant  for  a  small  time  intervall  A t.  The  power 
loss  density  of  the  finite  elements  in  EMAS  is  inter¬ 
preted  as  heat  generation  rate  and  introduced  into 
the  temperature  field  calculation.  The  temperature 
distribution  for  t  +  At  is  calculated,  the  material 
properties  of  the  elements  are  adapted  in  accordance 
with  element  temperature  and  the  procedure  repeats 
until  the  end  of  the  heating  process  is  reached.  The 
calculation  procedure  can  be  applied  to  models  with 
any  temperature-  and  frequency-dependency  of  the 
electromagnetic  and  thermal  parameters. 


Figure  3:  Measuring  pulse  uo(t),  first  and  second  re¬ 
flection  (ui(t),  u2(t))  for  l  =  50mm  water  level  (20°C) 


3  Measurement  of  Permittivity 


The  temperature  dependencies  of  the  electromag¬ 
netic  material  properties  must  be  known,  but  they 
are  generally  not  given  in  literature.  For  this  rea¬ 
son,  a  test  setup  has  been  developed  for  measuring 
e'T  and  acfj.  Well  known  measurement  procedures  for 
permittivity  use  the  frequency-domain  and  require  a 
network  analyzer.  The  complex  functions  used  to 
analyze  the  measurement  yield  to  ambiguous  results. 

This  new  measurement 
is  based  on  time  domain 
signals  and  therefore  uses  an 
oscilloscope.  The  measure¬ 
ment  setup  consists  of  an 
expanded,  short-circuited, 
coaxial  transmission  line 
-  similar  to  a  TEM  cell  - 
(Fig.  4),  which  is  filled  with 
a  material  probe  and  used 
like  a  TDR  (time  domain 
reflectometer)[2].  A  fast  ris¬ 
ing  pulse  passes  through  the 
feeding  section  to  the  conical 
wave  expansion  section.  The 
temperature  dependency 
of  permittivity  and  con¬ 
ductivity  is  determined  by 
temperature  measurement 
in  the  electric  field,  using  a 
fiber  optical  ^thermometer. 

The  measurement  apparatus 
is  warmed  in  a  climate 
cabinet  up  to  the  constant 
measurement  temperature. 

Fig.  3a  shows  a  typical 
measurement  signal,  in  this 
case  for  pure  water  at  a 
load  length  of  l\  =  50  mm 
(cp.  Fig.  4).  The  pulse 
uo(t)  is  partially  reflected  at 
the  planar  material  surface 
(Ul(i)).  The  transmitted 
wave  propagates  through 

the  dielectric  to  the  planar  short  circuit  termination 
at  the  end  of  the  line  and  is  reflected  there.  The 
measurement  is  performed  for  the  load  lengths  l\  and 
I2  <  1 1.  The  permittivity  is  determined  with  the 
Fourier  transformations  of  the  reflections  ( t )  and 

u2,l2(i)  [2]: 

tijjdt)  0 — •  U2<ll(u) 

«2,t 2W  c>— •  u2 ,i,  M 

Both  measurement  signals  have  the  same  excitation 
pulse  and  the  same  reflection  at  the  material  surface, 

so:  - - - 

-jk0(h  -  l2)  [Je'r  “  J  ~  1 
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a)  Data  from  [3] 


b)  Measurement  data 


Figure  5:  water:  real  part  e'  of  relative  permittivity  eT,  depending  on  temperature  and  frequency 


c)  Data  from  [3] 


d)  Measurement  data 


Figure  6:  water:  effective  conductivity  aeg,  depending  on  temperature  and  frequency 


k0  —  (jj/co,  where  c0  represents  the  speed  of  light. 
Eq.  4  yields  after  a  rearrangement  to 


= 

£o 


U2,ll  (^) 

U2J2  M 


fco  (^i  —  h) 


The  periodicity  of  the  natural  logarithm  must  be 
taken  into  account.  Therefore  the  wave  velocity 


Mr  =  1  (6) 


I HqEo  £'  -  J 


must  be  in  the  range  of  21/ At  (cp.  At  in  Fig.  3). 

This  method  includes  several  advantages.  The  in¬ 
fluence  of  the  measurement  setup,  e.g.  losses  in  the 
aluminium,  is  the  same  in  both  measurements.  So 
they  cancel  out  in  Eq.  4.  In  addition,  Fresnel  losses 
or  the  excitation  of  higher  order  modes  need  not  be 
considered  [2],  Ambiguities  are  excluded  in  opposi¬ 
tion  to  frequency-domain  pocedures.  Also  heterogen 
materials  can  be  tested.  Good  correspondence  of  mea¬ 
surement  data  and  tabulated  data  is  found  for  e'  [3] 
and  also  for  aeff  (Fig.  5,6). 


4  Electromagnetic  Soil  Decontamination 

For  electromagnetic  soil  decontamination,  the  soil  is 
dielectrically  heated  via  electrodes  (Fig.  4).  For  rea¬ 
sons  of  symmetry  the  magnetic  field  is  normal  to  the 
cut  surfaces  A  and  B  in  Fig.  4.  So,  the  calculation 
model  is  reduced  to  a  quarter  of  the  whole  geometry. 
The  soil  data  used  is  the  same  as  sand  with  6%vol 
water,  where  the  water  is  the  electrically  relevant  ma¬ 
terial.  The  simulation  uses  current-excitation  at  a  fre¬ 
quency  of  /  =  6.78  MHz.  Due  to  aejj  (Fig.6)  the  power 
loss  density  decreases  during  the  heating  process  from 
20.1  kW  at  t  =  Os  within  6  hours  to  18.5 kW  (=92%) 
and  after  12  hours  to  16.3  kW  (=81%).  Apart  from 
that,  the  power  loss  at  a  chosen  point  depends  on  the 
local  loss  angle.  The  ratio  of  apparent  power  Q  to  ac¬ 
tive  loss  P  changes  from  1  (t  =  Oh)  to  3.73  ( t  =  12 h) 
in  the  maximum.  The  comparison  of  coupled  to  un¬ 
coupled  simulation  results  leads  to  a  temperature  dif¬ 
ference  of  40  K  (A  26.7  %)  after  12  h  of  heating  (Fig.  7). 

The  uncoupled  electromagnetic  field  calculation  for 
this  setup  has  been  verified  with  the  help  of  the  simu¬ 
lation  tool  CONCEPT,  based  on  the  moments  method 
(MoM).  There  is  a  good  agreement  between  the  MoM 
simulation  results  and  the  results  of  the  uncoupled 
electromagnetic  FEM  simulation  (Fig.  9). 
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Tmax=  483  K 


ANSYS  5.  3 
MAY  4  1999 
14  :45 ; 59 
PLOT  NO.  1 
NODAL  SOLUTia'3 
TIM2-4  3200 
TEMP 


SMN 

SMX 


■H 

mm 


-293.15 
-442.893 
293.15 
309.788 
326.426 
34  3.0  64 
359.702 
376.341 
392.979 
409.617 
426.255 
442  .893 


b)  coupled  field  calculation  Tmax  =  443  K 


Figure  7:  Electrode  setup  for  soil  decontamination:  temperature  distributions 

after  12  h  at  P*=o  =20kW,  Tt= o  =  293K.  Difference  of  temperature  changes:  26.7% 


a)  uncoupled  field  calculation, 
p(t  =  Oh)  =  po  =  const ,  pmax  «  IlkW/m3 


Figure  8:  Electrode  setup  for  soil  decontamination:  local  power  loss  density  for  Pt=o  =  20 kW,  T*~o  =  293 K. 
Difference  of  max.  power  loss  density  after  12  h:  22% 


a)  Finite  Element  Method  (EMAS) 


b)  Method  of  Moments  (CONCEPT) 


Figure  9:  Power  loss  density  for  uncoupled  field  calculation.  Front  view  of  electrode  setup. 
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Figure  10:  Electrode  setup  for  soil  decontamina¬ 
tion  (measures  in  mm) 


5  Conclusion 

The  interaction  between  electromagnetic  and  ther¬ 
mal  field  can  have  considerable  influence  on  results 
of  a  process.  Depending  on  the  material  properties 
the  interaction  must  not  be  neglected  in  many  cases 
of  dielectric  heating.  The  relevant  material  proper¬ 
ties  permittivity  and  conductivity  can  easily  be  de¬ 
termined  with  the  help  of  the  described  measurement 
setup  and  procedure.  A  simulation  tool  was  presented 
which  takes  interactions  of  the  fields  into  account.  As 
a  result  dielectric  heating  for  the  purpose  of  decontam¬ 
inating  soils  needs  much  more  energy  than  calculated 
with  the  uncoupled  method. 
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Causes  of  uncertainties  associated  with  computational 
electromagnetic  modelling  are  identified  and  discussed.  The 
paper  aims  to  show  how  to  quantify  these  uncertainties  and 
uses  a  case  study  that  examines  the  variations  on  induced  wire 
current,  as  a  result  of  small  wire-position  changes,  to 
demonstrate  the  methods  introduced.  Using  statistical  methods 
it  is  shown  that,  in  this  example,  current  variations  of  100% 
can  be  expected  as  a  result  of  these  small  changes. 

1.  INTRODUCTION 

This  paper  discusses  methods  to  identify  the  uncertainties 
associated  with  simulated  results  for  computational 
electromagnetics  (CEM).  For  CEM,  uncertainty  between  the 
results  of  computational  simulation  and  physical  data  comes 
from  both  the  numerical  methods  being  used  in  the  simulation 
and  from  critical  variations  between  the  computer  model  of  the 
physical  set-up  and  the  physical  experiment  itself. 

These  two  sources  of  uncertainty  are  inter-twined,  and  this 
makes  it  difficult  to  accurately  determine  the  suitability  of  a 
CEM  model,  for  particular  applications,  when  comparing  it 
with  experimental  data.  The  methods  in  this  paper  describe  a 
process  whereby  any  two  sets  of  results  can  be  compared. 
These  sets  of  results  may  be  derived  from  changes  to  the  model 
or  changes  to  the  modelling  process.  By  further  investigating 
each  of  these  aspects  using  such  methods,  it  is  suggested  that 
any  CEM  results  can  be  more  fully  stated  by  including  limits  of 
uncertainty  and  levels  of  confidence.  The  case  example  given 
analyses  results  from  changes  to  a  model,  but  the  same  process 
can  be  applied  equally  to  results  from  changes  to  the  modelling 
process. 

This  work  has  been  done  as  part  of  a  study  into  the  effects  of 
interfering  radiation  on  the  wiring  of  passenger  cars  [1], 

[For  the  purposes  of  this  paper,  the  Finite  Difference  Time 
Domain  (FDTD)  method  has  been  used  to  generate  numerical 
results,  but  the  analysis  methods  are  not  specific  to  this  CEM.] 

1.1.  Changes  to  the  Model 

Using  a  simplified  model  that  retains  a  particular  characteristic 
can  provide  a  result  that  indicates  more  clearly  the  effect  of  that 
characteristic  on  the  results.  By  repeating  modelling  for  many 
individual  characteristics,  varied  by  many  small  increments, 
each  aspect  of  a  much  more  complex  model  can  be  ‘compiled’ 
statistically  to  give  a  final  solution.  Rather  than  looking  at 
every  combination  of  factors  that  have  an  effect  on  the  results, 
an  understanding  of  the  mechanisms  of  the  effect  each  factor 
has  can  provide  a  more  thorough  understanding  of  the  results. 
This  work  aims  to  satisfy  a  number  of  issues  raised  by  the 


industrial  mass  production  of  any  distributed  electrical  system, 
such  as  passenger  cars: 

•  Spotting  errors  in  results  due  to  the  model  definition  being 
wrong,  by  comparisons  between  similar  models.  (That  is,  if 
a  result  lies  outside  an  expected  distribution  of  results  from 
similar  models,  then  it  is  possible  that  the  result  is  wrong, 
and  the  cause  can  be  investigated.) 

•  Giving  greater  confidence  levels  from  observing  many 
models  giving  similar  results. 

•  Providing  statistical  information  that  can  be  interpreted  to 
show  probability  of  EMC  failure  due  to  production 
variations. 

•  Making  it  easier  for  development  engineers  to  understand 
how  modelling  ‘many’  units  relates  to  their  design  needs, 
rather  than  using  one  single  model. 

•  Reducing  demand  on  computing  power  and  memory, 
making  the  method  available  to  less  well  resourced 
companies  and  projects. 

The  case  model  in  section  2  is  an  example  of  these  principles. 

1 .2.  Changes  to  the  Modelling  Process 

There  are  hundreds  of  papers  on  the  FDTD  method  published 
each  year;  testing,  developing,  improving  and  hybridizing  with 
other  methods  [2].  Perhaps  one  of  the  reasons  there  is  a 
proliferation  of  FDTD  work,  and  CEM  work  in  general,  is  the 
continual  improvement  of  computing  power.  With  every  new 
release  of  faster  processors,  new  ideas  that  were  not  possible 
with  older  technology  suddenly  become  an  attractive  target  to 
test.  The  problem  with  this  is  that  older,  simpler  methods  are 
not  tested  thoroughly  enough  to  determine  if  their  output,  that 
may  have  appeared  inaccurate  or  wrong,  has  simply  been 
misinterpreted.  The  temptation  to  produce  a  more  complex 
CEM  model  that  can  take  a  greater  account  of  all  the 
electromagnetic  mechanisms  at  work  becomes  too  great,  and 
inevitably  the  validation  work  for  the  simpler  variants  is  wasted 
as  attention  is  drawn  to  the  new  model. 

But  focusing  on  whether  the  simulation  method  correctly 
imitates  every  physical  effect  can  still  only  provide  a  limited 
accuracy,  because  there  arc  other  sources  of  error  throughout 
the  modelling  process.  Not  exhaustively,  these  include; 

•  whether  all  the  mechanisms  in  the  simulation  are 
represented  or  understood, 

•  approximations  to  the  differential  equations  that  provide 
the  simulation  algorithms, 

•  meshing  types,  density  and  associated  algorithms,  (for  3-D 
finite  element  methods). 
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•  geometric  definitions  sympathetic  to  the  simulation 
approach  (e.g.  designing  the  model  so  structures  lie  along 
grid-lines,  or  can  take  advantage  of  special  algorithms) 

•  algorithm  step  intervals  and  lengths  of  simulations 
(typically  time-steps  or  frequency  steps), 

•  material  properties  and  material  interaction  algorithms, 

•  definition  of  output  sources  (i.e.  how/where  the  simulation 
is  interrogated  for  the  results), 

•  post-processing  and  errors  resulting  from  transformations. 

Developing  new  algorithms  that  can  take  advantage  of  greater 
computing  power  is  certainly  often  beneficial  to  simulation 
accuracy,  but  exactly  how  beneficial  it  is  needs  to  be  qualified 
and  quantified  otherwise  it  is  impossible  to  determine  the 
success  of  a  new  approach. 

Attention  should  also  be  paid  to  how  such  simulation  results 
are  compared,  and  what  they  are  compared  to.  Production 
engineers  will  say  that  the  accuracy  of  a  simulation  is  how  well 
the  results  match  those  they  get  out  of  their  test  facilities;  after 
all,  the  purpose  of  a  simulation  is  to  simulate  the  real  world. 
However,  mathematicians  will  point  to  theoretically  solvable 
canonical  models,  and  compare  those  results.  Both  approaches 
are  wrong  when  the  level  of  accuracy  associated  with  the 
simulations  has  not  been  calculated. 

[As  a  simplistic  example  to  show  the  importance  of  finding 
confidence  limits  correctly,  if  two  estimates  of  the  length  of  an 
object  lm  long  are  0.95m±0.02m  and  1.10m±0.20m,  then  it  is 
clear  that  neither  value,  without  the  uncertainty,  is  correct  as  it 
is  a  physical  measurement  and  can  never  be  stated  exactly. 
Together,  these  estimates  indicate  that  the  object  is  0.93-0.97m 
long,  because  the  uncertainty  put  on  the  first  is  too  optimistic. 
But  if  the  estimate  was,  instead,  0.95±0. 10m,  then  the  indicated 
estimate  would  be  0.90-1. 05m,  which  is  correct  because  the 
estimates  are  now  both  reasonable.] 

1.3.  Combining  Results 

Building  up  a  statistical  sample  of  measures,  each  with  a 
correct  uncertainty  boundary,  can  therefore  lead  to  a  much 
better  statement  of  a  result  than  can  any  single  result.  To  do  so 
for  CEM  methods,  and  indeed  any  other  simulation  method, 
therefore  relies  on  being  able  to  determine  an  uncertainty 
associated  with  any  single  result.  Failure  to  do  so  means  that 
the  ‘correct’  value  can  never  be  found.  Failure  to  do  so 
correctly  results  in  the  wrong  answer. 

Many  times  functions  that  represent  the  EM  response  of  a 
system  (simulated  or  measured)  are  compared  with  other  such 
functions.  These  differing  functions  might  actually  be  giving 
the  same  answer,  but  without  confidence  limits  attached,  it  is 
impossible  to  say. 

The  case  study  aims  to  pursue  methods  that  will  provide  some 
initial  methodologies  for  calculating  confidence  limits  on 
simulation  results.  The  objective  is  to  test  and  display  the 
results  in  a  statistical  manner  that  provide  information  about 
small  changes  to  a  model. 


Figure  1 .  The  two  metallic  structures  used  in  the  case  study.  The  dimensions  of 
the  structures  are  approximately  3.6m  x  1.8m  x  1 ,8m. 


2.  A  CASE  STUDY 

VARIATION  IN  FDTD  RESULTS  FOR  WIRE  CURRENTS 
IN  CAR-LIKE  STRUCTURES. 

2. 1 .  Aims  and  Objectives 

As  an  example  of  what  is  achievable  using  comparative 
principles,  this  case  looks  at  analysing  likely  differences  from 
modelling  currents  on  a  wire  in  an  automotive-type  metal 
cavity.  The  objectives  here  are  to  derive,  qualitatively,  the 
differences  between  a  particular  ‘exact’  model,  as  may  be  used 
in  a  typical  simulation,  and  other  models  in  which  the  wire  is 
not  precisely  located.  The  aim  of  such  a  study  is,  therefore,  not 
only  to  find  out  what  is  a  critical  factor  (in  the  way  wire 
position  is  shown  to  be  critical  here),  but  also  to  put  some 
measure  on  that,  so  that  results  from  different  approaches  or 
different  methods  may  be  directly  compared. 

2.2.  Method 

A  metallic  structure  is  generated  for  the  FDTD  simulation,  and 
current  is  modelled  for  a  wire  in  a  given  position,  excited  with 
an  external  plane  wave  source.  That  position  is  then  altered  in  a 
series  of  stages,  in  this  case  by  up  to  10cm  in  any  direction  for 
either  end  of  the  wire,  and  the  simulation  repeated  for  each  wire 
position.  (This  process  aims  to  reproduce  the  situation  where  a 
simulation  has  been  performed  that  represents  an  experimental 
set-up,  but  the  wire  in  the  experiment  is  actually  in  a  slightly 
different  position.)  The  result  is  a  function  for  transferred 
current  from  the  interfering  EM  field  for  each  of  the  wire 
positions.  From  this  set  of  functions,  an  assessment  of 
differences  between  them  can  be  established.  The  statistical 
implication,  from  a  large  set  of  results,  is  that  all  such  small 
variations  in  the  wire  would  result  in  a  measured  value  that  lies 
in  the  distribution  obtained. 


Figure  2.  The  range  of  positions  of  the  wires. 

Figure  1  shows  basic  structures  that  have  already  been  used  in 
previous  work  for  the  determination  of  the  effects  of  cell  size  in 
FDTD  modelling  [3].  Figure  2  indicates  the  location  of  the 
wires  that  were  modelled.  The  ‘control’  wire  is  indicated  by  the 
centre-most  line,  and  would  be  typical  of  how  a  wire  might  be 
modelled  in  a  FDTD  simulation.  The  model  is  repeated  for  the 
situation  of  the  wire  being  altered  around  the  centre-line  by  a 
number  of  variations,  which  are  indicated  as  an  overlapping 
network  of  wires  in  the  figure. 

Figure  3  shows  the  results  from  the  analysis  for  a  sample  of 
such  wires.  It  can  be  seen  from  these  graphs  that  the  variation 
between  differing  wire  positions  often  reaches  a  magnitude 
range  over  lOdB  (without  frequency  corrections).  To  quantify 
these  differences,  bearing  in  mind  that  there  are  likely  to  be 
magnitude  and  frequency  differences,  it  is  necessary  to 
characterise  these  transfer  functions  in  a  way  that  will  allow 
them  to  be  compared  directly.  The  main  impetus  of  this  work  is 
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to  look  at  EMC  susceptibility,  so  an  obvious  characteristic  is 
the  set  of  maximum  turning  points  on  the  function.  This  stage 
requires  matching  the  functions  -  which  is  easy  for  the  human 
eye  to  do,  but  presents  difficulties  to  an  automated  computer 
process.  In  this  particular  case,  there  is  a  reasonable  correlation 
for  frequency  (all  peaks  appear  to  compare  within  10%  by 
frequency)  and  a  simple  match  of  closest  turning  points  is 
sufficient. 


Figure  3.  A  sample  of  transfer  functions  for  different  wires  positions  inside 
structure  ‘a*,  as  shown  in  figure  1.  The  ‘control’  (centre)  wire’s  function  is 
shown  bold. 
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Figure  4.  Magnitude  and  frequency  differences  between  the  turning  points  of 
transfer  functions  of  different  wires,  compared  to  the  control  wire. 

Figure  4  shows  all  the  magnitude  and  frequency  differences  as 
points.  Each  point  represents  the  difference  between  a  peak  on 
the  control  transfer  function  and  the  corresponding  peak  on  the 
function  of  another  wire.  (For  those  points  showing  a  large 
frequency  difference,  it  is  likely  that  the  function-matching 
routine  has  failed  and  has  matched  two  peaks  that  do  not 
correspond,  and  these  points  can  be  rejected  upon  inspection  of 
the  functions.)  This  distribution  of  points  represents  all  the 
differences  between  the  modelled  corresponding  peaks  on  the 
transfer  functions  of  closely  placed  wires.  The  statistical 
inference  is  that  this  distribution  is  representative  of  any  such 
set  of  differences  for  similarly  placed  wires.  As  this  aims  to  be  a 
general  method  it  would  be  unnecessary  to  look  for  a  match  to  a 
known  distribution.  Instead,  non-parametric  measures  of  the 
data  set  arc  taken  in  place  of  arithmetic  ones.  The  50  (median), 
18  and  82  percentile  points  are  taken  to  describe  the 
distribution  (indicated  on  the  graph).  [The  18  and  82  points  are 
taken  to  indicated  an  equivalent  range  of  ±1  standard  deviation, 
as  it  would  be  if  the  distribution  was  normal.) 

These  are  quantitative  measures  of  the  variations  associated 
with  changes  in  wire  positions  within  the  structure.  They  can  be 


taken  on  their  own,  to  indicate  what  the  likely  uncertainties 
might  be,  when  the  wire  is  not  located  in  the  ‘control’  position. 
However,  they  can  also  then  be  used  for  direct  comparisons 
with  similar  experiments  where  the  modelling  has  been 
changed.  Here,  the  changes  are  the  structure  and  the  angle  of 
the  incident  radiation.  By  performing  this  comparison,  a 
conclusion  can  be  drawn  about  the  likely  variations  in  wire 
currents  for  these  changes.  The  difference  points  for  the  wire 
currents,  as  shown  in  figure  3,  are  for  an  incident  field  of  a 
specific  direction  and  polarisation.  Figure  5  shows  the  same 
three  statistical  measures  for  different  incident  angles  for  the 
two  different  structures  (as  shown  in  figure  1).  It  shows  a 
composition  of  results  from  432  transfer  functions  (24 
propagation/polarisation  angles,  2  structures,  9  wires)  ordered 
in  ascending  median  values.  Each  pair  of  lines  represent  the  1 8, 
50  and  82  percentile  statistics  for  the  same  experimental 
conditions  applied  to  each  of  the  two  structures.  For  example, 
the  centre  pair  show  that,  for  all  the  incident  field  angles  tested, 
there  is  a  50%  expectation  that  the  variation  between  different 
wires  will  be  of  the  order  of  3  to  4dB.  The  trend  line  (which  is 
included  for  illustration  purposes)  indicates  that  this  holds  true 
for  both  of  the  structures  examined. 


It  can  be  seen  that  the  statistical  measures  are  generally  similar 
for  all  the  experiments.  Inspection  of  this  data  also  shows  that 
for  those  propagation  angles  where  the  distribution  of  wire 
current  differences  is  largest  for  one  structure,  it  also  tends  to 
be  large  for  the  other.  Transfer  functions  can  also  be  compared 
with  this  data  to  establish  if  they  come  from  the  same 
experiment.  For  example,  the  function  for  the  current  on  the 
control  wire  where  the  incident  field  was  from  the  side  and 
vertically  polarised  was  compared  with  the  data  from  the 
wires  in  the  same  experiment  but  with  horizontal  polarisation. 
The  results  for  this  are  2.9dB(18%),  6.0dB(50%)  and 
13.4dB(82%).  This  suggests  they  are  not  in  the  same  data  sets 
of  figure  5,  showing  that  the  function  from  this  control  wire 
does  not  come  from  this  experiment. 

2.3 .  Conclusions  to  the  Case  Model 

Two  sample  automotive-style  structures  have  been  examined, 
and  the  variations  of  current  on  a  wire,  whose  geometry  has 
been  altered  by  up  to  10cm  (1-2  cell  displacement),  have  been 
processed  statistically.  The  results  show  these  variations  in 
wire  currents  are  consistent  between  two  different  structures, 
with  the  implication  that  this  variation  would  be  similar  for 
other  structures  of  similar  size  and  shape.  The  models  have 
been  analysed  across  a  range  of  propagation  and  polarisation 
angles,  and  show  the  same  trends  in  wire  currents.  These  trends 


297 


show  a  likely  variation  of  up  to  2.6dB  to  5.0dB  for  50%  of  the 
data  obtained. 

[The  total  percentage  of  data  points  between  3dB  and  6dB 
variation  for  all  these  experiments  was  35%,  which  means  in 
about  1  in  3  cases  the  variation  in  current  can  be  expected  to  be 
between  40%  and  100%,  for  displacements  of  upto  10cm  in  the 
wire  position.  About  25%  of  the  data  exceed  a  variation  of  6dB, 
so  1  in  4  times  it  is  likely  to  exceed  100%  variation.  This  is 
comparable  with  aerospace  and  automotive  results,  where  wire 
currents  in  nominally  identical  production  models  have  been 
found  to  typically  vary  by  100%  [4].] 

3.  COMPARING  TRANSFER  FUNCTIONS 

The  case  study  looking  at  changes  in  the  transfer  functions  for 
wire  currents  is  an  easier  example  than  is  often  found  to  be  the 
case  in  EM  simulation.  The  functions  of  current  are  reasonably 
similar,  and  it  has  been  satisfactory  here  to  simply  compare  the 
peak  turning  points  to  provide  the  necessary  statistical  data. 
This  is  often  not  the  case,  and  it  is  therefore  necessary  to 
discuss  these  additional  methods  to  those  used  above  to  provide 
the  means  to  apply  this  approach  in  a  general  case. 

3.1.  Frequency  Errors 

One  particular  problem  to  EM  measurement  and  simulation  is 
the  number  of  degrees  of  freedom  in  any  result.  Most 
simulations  for  engineering  applications  involve  a  vector 
quantity  at  a  3  dimensional  point.  This  can  then  be 
conveniently  turned  into  a  single  magnitude  value  along  a 
given  directional  component,  such  that  a  peak  flow  rate  or 
stress,  for  example,  might  be  compared  with  a  maximum 
allowable  value. 

In  CEM,  at  best  the  result  can  be  turned  into  a  frequency  and 
magnitude  value  pair  at  a  given  point  and  directional 
component.  As  a  consequence,  in  both  measurement  and 
simulation,  the  result  will  have  an  associated  magnitude  and 
frequency  error  pair.  The  problem  this  represents  is  best 
explained  in  practical  terms.  If  an  EMC  test  is  conducted  to 
look  for  a  peak  value  that  a  CEM  method  predicts  at  a  given 
frequency,  is  the  prediction  wrong  because  no  peak  is  found  at 
that  frequency?  It  may  be  that  the  frequency  value  is  wrong, 
and  looking  at  a  higher  frequency  reveals  that  peak. 

This  seems  a  trivial  example  at  a  single  frequency,  but  how  can 
a  continuous  frequency  error  be  predicted  and  displayed  across 
a  simulated  spectrum?  The  method  developed  in  this  work  has 
been  a  frequency-band  matching  technique,  as  shown  in  figure 
6.  Two  transfer  functions  are  compared  by  taking  a  small 
section  of  one  function,  starting  at  a  given  point  on  the  x-axis 
and  shifting  it  left  or  right  against  the  x-axis.  A  match  is  found 
when  the  area  difference  between  that  section  and  the  other 
function  is  minimised.  This  is  repeated  for  every  point  along 
the  x-axis  within  the  required  range  of  testing.  Failure  of  the 
algorithm  can  be  seen  when  the  frequency  displacement 
necessary  to  find  that  minimised  area  becomes  discontinuous 
between  points,  implying  that  it  is  unclear  what  the  frequency 
shift  should  be. 

3.2.  Using  Global  (model)  variables  to  determine  frequency 
correction 

There  have  been  a  number  of  studies  into  the  magnitude 
accuracy  of  the  FDTD  method  for  different  circumstances. 
They  generally  look  at  the  errors  prevalent  in  the  finite 
difference  solutions  that  generate  the  FDTD  method’s 
algorithms  [5].  However,  in  actual  FDTD  simulations,  errors 
accumulate  from  one  timestep  to  another  that  also  have  the 
effect  of  shifting  the  results  with  respect  to  frequency.  If  two 


such  functions  are  compared  but  the  frequencies  do  not  match, 
quoting  a  magnitude  error  without  a  frequency  error  becomes 
meaningless  because  there  would  be  no  indication  of  which 
two  points  are  being  compared. 


Figure  6.  A  frequency-band  matching  technique  for  functions. 


The  frequency-band  matching  described  above  aims  to  solve 
this,  but  an  alternative  approach  which  will  form  future  work 
from  the  content  of  this  paper  is  to  use  Global,  or  model-wide, 
variables.  Global  variables  are  any  measures  which  can 
represent  some  aspect  of  the  whole  model’s  state  as  a  single 
variable  (or  simplified  set  of  variables). 

Figure  7  is  an  example  of  using  this  idea  in  determining 
frequency  errors.  In  this  example,  a  composite  aircraft  fuselage 
was  being  modelled.  To  determine  the  likely  accuracy  as  a 
function  of  the  finite  element  cell  size  being  used,  two 
experiments  were  run  with  different  cell  sizes  in  which  data 
from  several  thousand  cells  was  taken.  This  data  was  then 
reduced  to  a  single  percentage  value  of  those  cells,  at  each 
frequency,  whose  field  magnitude  exceeded  that  frequency 
component  of  the  interfering  radiation  (i.e.  those  points  that  are 
showing  resonant  behaviour).  This  results  in  a  percentage 
versus  frequency  function  which  indicates  those  frequencies 
where  there  is  the  most  and  least  resonance  occurring.  This 
removes  absolute  measures  of  magnitude,  and  although  the 
percentages  are  different  between  the  cases,  as  a  result  of  the  set 
of  probes  representing  different  space  within  the  structure,  it  is 
clear  in  this  example  what  the  frequency  shifts  are  between  the 
cases. 


Percentage  of  probes  over  ambient  field  strength 


Figure  7.  The  EM  response  of  a  modelled  composite  fuselage,  using  two  models 
with  different  cell-sizes  (larger  cell  results  shown  in  bold). 

These  approaches  allow  frequency  uncertainties  to  be  adjusted, 
and  magnitudes  of  correctly  corresponding  points  to  be 
compared.  Any  conclusions  regarding  the  magnitude  accuracy 
of  CEMs  are  therefore  only  complete  with  correction  for 
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frequency  variations,  but  the  frequency  corrections  for 
different  models  tend  to  be  different.  It  is  therefore  necessary  to 
establish  the  possible  frequency  variations,  and  the  frequency- 
band  matching  and  the  global-variable  methods  provide  means 
to  achieve  that.  Figure  8  shows  an  example  of  using  the 
frequency-band  matching  technique,  applied  to  structure  ‘a’  of 
figure  1. 


Figure  8.  Frequency  variations  characteristic  of  structure  ‘a’  in  the  case  study. 
The  points  show  matches  between  transfer  functions  obtained  by  using  different 
cell-sizes  in  the  modelling.  (Cell-size  is  shown  as  a  fraction  of  wavelength,  e.g. 
a  5MHz  variation  for  frequencies  whose  wavelengths  are  10  x  cell-size.) 

3.3  Application  of  Frequency  Corrections 

Establishing  a  frequency  variation  characteristic  for  a  model,  as 
shown  in  figure  8,  allows  for  a  more  detailed  study  of 
magnitude  differences.  Once  such  a  characteristic  is 
established,  it  becomes  an  easier  process  to  perform  any 
comparison  between  two  functions  for  that  model.  Calculating 
a  frequency  variation  function,  along  with  determining  which 
aspects  of  a  model  have  the  greatest  effect  on  frequency 
variation,  should  be  seen  as  an  essential  part  of  a  complete 
solution. 

4.  CONCLUSIONS 


6.  APPENDIX 

6.1.  Technical  Details 

The  FDTD  implementation  used  was  the  EMA3D  code,  supplied  by 
Electro  Magnetic  Applications,  Inc.  [7].  A  graphical  user  interface 
was  provided  by  FEGS  Ltd.. 

All  experiments  in  the  case  study  used  a  10,000  time  step  analysis, 
over  l.Sps,  with  an  incident  Gaussian  pulse  (<25dB  variation  for  0- 
600MHz,  >100dB  attenuation  over  1.2GHz)  in  various  polarisations. 
The  cell  size  used  was  9cm..  A  5000  point  DFT  was  used  to  calculate 
the  Z-transform. 

6.2.  Frequency-band  matching 

The  comparative  analysis  is  performed  by  frequency-band  matching 
two  frequency  transfer  functions,  g(x)  and  h(x).  The  magnitude  error 
is  the  value  for  which 

f*D |log( h(x))  -  log( g( x  +  a-))\.dx 

is  a  minimum,  the  frequency  shift  being  cr  in  that  case  (taken  as  a  point 
frequency  at  f+D/2),  and  D  is  the  analysis  bandwidth  (typically  50 
MHz). 
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This  paper  has  presented  some  methods  that  pursue  the  aim  of 
evaluating  CEM  uncertainty.  By  examining  the  differences  that 
exist  between  different  sets  of  results,  an  assessment  of  the 
effect  of  changes  to  models  can  be  made.  These  changes  may 
be  in  the  form  of  actual  changes  to  the  structure  of  the  model,  as 
has  been  shown  for  wire  positions  in  a  case  study.  The  method 
for  comparison  used  is,  however,  equally  applicable  if  sets  of 
results  are  from  different  modelling  approaches  -  such  as 
changes  to  EM  fields,  material  properties,  geometric 
definitions  (including  finite  element  meshing)  and  changes  to 
the  simulation  algorithms  themselves. 

Further,  the  whole  process  can  be  compared  with  physically 
derived  results,  as  the  source  data  that  leads  to  the  derivation  of 
statistical  measures  comes  only  from  the  transfer  functions 
themselves.  Even  if  there  is  only  one  set  of  physical  data,  by 
generating  sets  of  results  numerically  from  differing  models 
and  using  the  physical  data  as  the  control  data,  the  same 
statistical  comparisons  can  be  made  as  described  in  the  case 
study. 
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The  IEC  61 158-2  standard  contain  the  EMC  re¬ 
quirements  for  the  equipment,  which  is  connecting 
to  the  transmission  line,  but  don’t  contain  any  re¬ 
quirement  for  the  complete  equipped  line  [3].  To 
obtain  the  answer,  is  sufficient  such  a  testing, 
author  propose  the  simulation  by  use  of  the  mod¬ 
els  of  signals  and  equipment.  Such  models  are 
proposed  in  the  paper. 

1.  INTRODUCTION 

The  typical  EMC  immunity  requirements  for  in¬ 
dustrial-process  measurements  and  control 
equipment  are  formulated  in  IEC  61326-1  stan¬ 
dard  [4].  All  these  requirements  shall  be  met  by 
the  complete  installations,  not  only  by  the  instru¬ 
ments  only,  because  the  interaction  between  the 
instruments,  the  supply  and  signal  lines  and  the 
whole  industrial  environment  is  to  taken  into  ac¬ 
count.  The  space  configuration  of  the  installation 
can  have  an  important  influence  on  the  EMC  im¬ 
munity  and  this  implicate,  the  tests  „in  situ”  to  exe¬ 
cute. 

The  Fieldbus  standard  [3]  don’t  require  such  a 
tests.  The  author  have  made  an  extensive  litera¬ 
ture  revue,  that  has  presented,  the  problem  isn’t 
investigate  and  probably  is  a  new  research  topic. 
The  relevant  IEC  standards  series  61000-4-xx 
deal  with  the  immunity  testing  of  apparatus  and 
comprehensive  systems  only;  the  problem  of  the 
testing  of  the  installation  as  a  whole  is  neglected 
[5  to  8],  The  relevant  basic  publication,  e.g.  Gon- 
schorek  and  Singer  or  Kohling  contain  the  advises 
only,  for  the  theoretical  analysis  of  the  installation 
conditions  to  reach  probably  the  required  immunity 
of  the  industrial  system  [1,2].  The  tests  of  the 
manufactured  installation,  as  well  as  the  methods 
for  the  simulation  investigations  aren’t  presented. 

This  is  the  reason,  the  author  have  decided  a  pro¬ 
posal  for  the  first  step  for  such  a  testing  to  make. 
This  step  there  are  the  mathematical  models  of 
the  test  signals  and  components  of  the  test  path, 
that  are  the  object  of  the  paper. 

The  block  diagram  of  the  typical  test  circuit  is  pre¬ 
sented  on  the  fig.  1 . 


Symbols:  G  -  test  generator;  CD.  -  coupling  de¬ 
vice;  DD  -  decoupling  device;  AE  -  auxiliary 
equipment;  EUT  -  equipment  under  test  (  trans¬ 
mission  line  loaded  by  the  measuring  and  control 
equipment);  EC  -  external  circuit/port  of  EUT; 
GRP  -  ground  reference  plain. 

Fig.1.  The  typical  test  circuit  for  immunity  testing 
(block  diagram) 


The  models  of  the  components  of  the  test  circuit 
will  be  presented  sequentially  .  EUT  is  composed 
of  the  transmission  line  and  equipment,  connected 
to  it. 

2.  MODELS  OF  THE  TEST  SIGNALS 

Two  most  important  output  signals  of  the  test 
generators  will  be  discussed.  There  are: 

•  EFT/B  signal,  described  in  IEC  61000-4-4  [6] 

•  surge  signal,  described  in  IEC  61 000  -  5  [7]. 

2.1.  EFT/B  signal 


The  pulse  of  this  signal  is  presented  on  the  fig.  2. 


Fig.  2.  Pulse  5  ns  /  50  ns 

The  considered  signal  can  be  approximated  on 
two  ways: 
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•  the  more  precise  mathematical  model  is  an 
exponential  one; 

•  the  more  simple  model  can  be  linear  one. 

2.1.1.  Exponential  model 

The  rise  slope  of  the  pulse  can  be  approximated 
by  the  decay  curve  second  order,  as  below: 

u(t)=U[l--^— e"^+— e'Tl]  (1) 
i{  i2  i,  i2 

where:  T,  and  T2  -  the  time  constants,  U  -  the 
pulse  amplitude. 

The  detailed  calculations  led  to  the  following  val¬ 
ues  for  the  time  constants: 

Tf  =  1,95  ns;  T2  =  0,55  ns;  (2) 

that  give  the  following  approximating  formula: 

i  95  o  55 

u(t)  =  U[  1  -  e  1,95  +  -j^j-  e  0,55  ]  (3) 

The  verification  in  the  check  points  0,1  U  and  0,9U 
gives  the  values: 

t  =  0,55  ns,  u  =  0,094U;t  =  5,55  ns,  u  =  0,919U;(4) 

This  accuracy  is  recognised  as  sufficient. 

The  fall  slope  of  the  pulse  can  be  approximated  by 
the  decay  curve  first  order,  as  below: 

<-‘p 

u(t)  =  Ue  T 1  (5) 

where:  T3  -  the  time  constant;  tp  -  the  value  of  time 
shifting,  equal  the  time  for  the  pulse  maximum 
value. 

The  detailed  calculations  led  to  the  following  val¬ 
ues  for  the  time  constant  and  the  time  shifting: 

T3  =  65,64  ns  ;  tp  =  7,7  ns;  (6) 

that  give  the  following  approximating  formula: 

I- 7,7 

u(t)  =  t/e" 65,64  (7) 

The  verification  in  the  check  points  U  and  0,5U 
gives  the  values: 

t  =  7,7  ns,  u  =  U;  t  =  45,3,  u  =  0,501  U  (8) 
[note:  45,3  =  53(value  red  from  the  fig.2)  -  tp] 

This  accuracy  is  recognised  as  sufficient. 

This  way : 


2.1.2.  Linear  model 


Sometimes  the  more  simple  mathematical  model 
can  be  useful;  the  linear  model  is  a  such  one.  This 
model  is  presented  on  the  fig.  3. 


Fig.  3.  The  linear  model  of  the  pulse 
The  mathematical  description  is: 

A 

0<;t<Tf  ,y(t)=  —  /; 

h 

l  _  2T  +  T 

Tt<t<Tk,y(t)=-0,5  A  ^r_-J  ;  (10) 

where:  Tf ,  Tr  -  times,  as  presented  on  the  fig.  3; 
A  -  the  amplitude  of  the  pulse 

For  the  EFT/B  pulse  are  valid  the  values  as  fol¬ 
lows: 

Tf  =  5  ns;  Tr  =  50  ns;  (11) 

This  leads  to  the  particular  formulas: 

U 

0  <  t  <  5  ns  ,  y(t)  =  —  t ; 

95-/ 

5  ns  <  t  <  95  ns  ,  y(t)  =  U  ;  (12) 

where:  U  -  the  amplitude  of  the  pulse,  volts;  t 
-  time  in  nanoseconds. 


2.2.  Surge  signal 

The  pulses  of  this  signal  are  presented  on  the  fig. 
4a,  4b,  4c. 


Fig.  4a.  Surge  pulse  1 ,2  ps  /  50ps 


for  0  <  t  <  7,7  ns  is  valid  the  formula  (3); 
for  7,7ns  <  t  <  °°  is  valid  the  formula  (7);  (9) 
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Nemlw:  T,  .  «  r.t|Ut  K% 

Tbw  *> hM-nlua:  7,.»*i**0%. 

Fig.  4b.  Surge  pulse  8  ps  /  20  ps 


Fig.  4c.  Surge  pulse  lOps  /  700  ps 

All  these  pulses  are  very  near  to  the  linear  model 
as  presented  on  the  fig.  3.  The  assumption  is 
adopted,  the  mathematical  model  is  done  by  the 
formulas  (10).  On  that  basis  for  the  particular 
pulses  one  obtains  the  formulas,  as  follows: 

•  voltage  pulse  1 ,2  ps/50  ps  : 


U 


where:  U  -  the  amplitude  of  the  signal,  volts;  t 
-  time  in  microseconds. 


3.  TRANSMISSION  LINE 

3.1.  General 

The  Fieldbus  transmission  line  shall  be  treated  as 
an  electrical  long  line;  this  is  a  result  of  the  signal 
transmission  rate.  The  transmission  rate  of  the 
slowest  signal  is:  fr  =  31,25  kHz  (PROFIBUS  PA, 
Fieldbus  Foundation),  and  of  the  most  fast  one  is 
12  MHz  (PROFIBUS  DP).  The  corresponding 
wave  lengths  are: 

^max =  9524  m  ;  Xmin  —  25  m  ; 

As  the  length  of  the  line  can  be  from  200  m  (fast 
Fieldbus)  to  1200  m  (slow  Fieldbus),  it  is  of  the 
range  or  greater  than  A/4). 

This  way  to  consider  is  the  phenomenon  of  inter¬ 
action  between  the  pulse  interfering  signals,  as 
described  above,  and  the  work  transmission  sig¬ 
nal.  To  complete  the  signal  data,  the  interfering 
pulse  lengths  are  listed  below: 

•  for  the  pulse  5  ns/50  ns  -  is:  X*  =  28,5  m; 

•  for  the  pulse  1 ,2  ps/50  ps  -  is:  A,  =  29640  m; 

•  for  the  pulse  8  ps/20  ps  -  is:  A<  =  9600  m; 

•  for  the  pulse  10  ps./700  ps  -  is:  \  =  417000  m. 

In  case  of  the  nanosecond  pulse  have  place  the 
interference  of  the  short  wave  interfering  signal 
and  the  work  signal,  that  wave  length  is  the  same 
range  or  many  times  greater.  In  others  cases,  the 
wave  length  of  the  interfering  signal  is  many  times 
greater  than  the  wave  length  of  the  work  signal. 
One  can  expect,  the  results  of  the  interference  are 
various. 

3.2.  Parameters  and  four  pole  model 


9g  8  —  f 

1,2  ps<t<  98,8  ps,  y(t)  =  U~——\  (13) 

y  /,o 

where:  U  -  the  amplitude  of  the  signal,  volts;  t 
-  time  in  microseconds. 

•  current  pulse  8  ps/20  ps  : 

I 

0  <  t  <  8  ps  ,  y(t)  =  — /; 

32  -t 

8  ps  <  t  <  32  ps,  y(t)  =  /— ;  (14) 

where:  I  -  the  amplitude  of  the  signal,  amperes; 
t  -  time  in  microseconds. 

•  voltage  pulse  1 0  ps  /700  ps  : 

U 

0  <  t  <  1 0  ps  ,  y(t)  =  —  /; 


10  ps  <  t  <  98,8  ps,  y(t)  = 


U 


1390 -t 


(13) 


In  the  Fieldbus  Standard  are  given  the  required 
parameters  of  the  transmission  line,  as  follows  [3]: 

•  characteristic  impedance  at  fr  =  31 ,25  kHz: 

Zo  =  100  Cl  ±  20  %; 

•  maximum  attenuation  at  39  kHz  = 

3,0  dB/km; 

•  maximum  capacitive  unbalance  to  shield  = 

2  nF/km; 

•  maximum  d.c.  resistance  (per  conductor)  = 

24  Q/km; 

•  maximum  propagation  delay  change 

0,25  frto  1 ,25  fr  =  1,7  ps/km; 

The  four  pole  model  of  the  electric  long  line  is: 


[u  1 

chjx; 

-  S'jShyc 

rc/,i 

X 

Jx_ 

— 

shyx 

L"  s*  ’ 

chyc 

X 

^  i 

ji. 

1380 


where: 
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Ux,lx- voltage  and  current  at  the  point  x; 

Ui .  h  -  voltage  and  current  at  the  input  point; 
x  -  variable  -  the  distance  from  the  input  point; 
7  -  wave  propagation  constant: 

7  =  P  +  ja  =  4ZY 

S0  -  characteristic  (wave)  line  impedance; 


Z  =  R  +  jcoL\  Y=G  +  jcoC 

R,  L,  G,  C  -  respectively  line  :resistance,  induc¬ 
tance,  conductance,  capacity; 

co  -  angular  frequency  of  the  signal. 

Values  of  the  all  above  mentioned  variables  can 
be  derived  from  the  parameters  done  in  this  item. 

4.  COUPLING  DEVICES 

4.1.  Capacitive  coupling  clamp  [6] 

The  total  coupling  capacitance  between  cable  and 
clamp,  required  in  the  standard,  is: 

50  pF  to  200  pF; 

The  other  parameters,  such  as  frequency  re¬ 
sponse  and  resistance  as  well  as  the  particular 
value  of  the  capacitance  is  the  function  of  recom¬ 
mended  mechanical  arrangement  and  shall  be 
measured,  before  simulation. 

The  four-terminal  schema  of  the  clamp  (with  the 
connecting  cable)  is  a  very  simple  one,  as  shown 
on  the  fig.  5.  It  is  assumed,  the  inductance  of  the 
clamp  and  the  connecting  cable  is  negligible, 
grace  to  they  construction. 


R  -  resistance  of  the  connecting  cable; 

Cs  -  capacity  of  the  clamp; 

Cr  ,  G  -  respectively  capacity  and  conductivity  of 
the  cross  coupling  to  earth. 

Fig.  5.  Schema  of  the  capacitive  clamp 

The  corresponding  four-pole  equation  is: 


1  +  RG  +  jcoRCr \  R  + 


1  +  RG  +  jcoCr 

j0JCs 
G  +  jcoCr 


1  + 


jcoCs 


[A] 


iui 

rt/,i 

i 

M. 

=  U]x 

I 

j\. 

(16) 


4.2.  Capacitive  coupling  for  interconnection  lines 
[7] 

The  coupling  network  is  composed  of  the  resistor 
R  =  40  G  and  the  capacitor  C  =  0,5  pF,  connected 
in  series.  The  corresponding  four-pole  equation  is: 


'\ 

R  +  ’JaC 

X 

ji. 

0 

1 

ji . 

4.3.  Coupling  via  arrestors  [6.7] 

The  schema  of  the  coupling  path  via  arrestors  is 
shown  on  the  fig.  6 


— t _ I— t?_J— 

R  Arr 

R  =  40  Cl ;  Arr  -  gas  arrestor 


Fig.  6.  Coupling  path  via  arrestors  for  transmission 
signals  frequency  above  5  kHz. 

For  the  test  modelling,  the  object  of  interest  is  the 
conductivity  state  of  the  arrestor  i.e.  the  state 
when  the  test  signal  voltage  is  higher  than  the 
activation  voltage  of  arrestor.  In  this  state,  the 
resistance  of  arrestor  is  negligible.  This  way  the 
four-pole  equation  of  the  coupling  path  is: 


'i 

R' 

X 

~v; 

0 

1_ 

(18) 


5.  TEST  GENERATORS 

As  an  example  will  be  considered  the  test  gen¬ 
erator,  which  generate  the  combined  volt¬ 
age/current  wave,  such  as  presented  on  the  fig¬ 
ures  4a  and  4b. 

The  schema  of  it  is  shown  on  the  fig.  7. 


G  +  jcoCr ; 
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U  High-vottaga  sourc* 

Charging  ratiator 
Ct  Enargy  atoraga  capacitor 
fl,  Putaa  duration  shaping  raalator 
Rm  Impadanca  matching  raalator 
lr  Rlaa  time  shaping  inductor 

Fig.  7.  Schema  of  the  combined  surge  test  gen¬ 
erator. 

The  corresponding  four-pole  equation  is: 


r^i 

V 

1 - 

i _ 

Pm 

Dm. 

X 

Jr. 

where: 

Ag=\  +  jcoRfic+%-  + 

Rs\ 


(19) 


+  t-ja  +  j«*A  +  f*R.  +  jcoL,  )  +  *,!; 


Bg  ~  (1  +  J®RcCC  +  +  j°^r  )  +  Rc> 

/v_i 


c‘=j^+{ :+ 


R 


s2 


1  +  jcoCc  +  —  j(  J?m  +  jcoLr )  +  lj 


Dg  = 


1  +  jcoCc  + 


R 


Si  J 


iRm  +jO)Lr)  +  l 


The  mathematical  models  of  the  others  generators 
can  be  obtain  on  the  similar  way. 

6.  CONCLUSIONS 
In  the  paper  there  are  presented: 

•  the  set  of  the  problem; 

•  the  indication  of  the  phenomena  to  investigate; 

•  the  first  steps  to  reach  the  solution:  the 
mathematical  models  of  the  interference  sig¬ 
nals,  transmission  line,  coupling  devices  and  of 
one  of  the  signal  generators. 

The  work  will  be  continued. 
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Abstract:  This  paper  focuses  on  a  computer-aided 
method  for  cost-effective  EMC-conforming  design  of 
switched-mode  power  supplies  (SMPSs).  PSPICE- 
compatible  models  for  the  components  of  switched- 
mode  power  supplies  such  as  conductor  tracks  and 
high  frequency  transformers  as  well  as  EMI-Filter 
elements  such  as  common-mode  chokes  are  pro¬ 
vided.  Formulas  to  calculate  the  model  parameters 
from  the  geometrical  properties  of  the  components 
are  given.  Experimental  results  validate  the  accuracy 
of  the  models. 


prevention  of  high  frequency  noise  coupling  from  the 
source  into  the  sensitive  load  and  vice  versa. 
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1  INTRODUCTION 

The  design  of  electrical  and  electronic  devices, 
equipment  and  systems  to  conform  with  today’s  na¬ 
tional  and  international  EMC-norms  has  gained  in¬ 
creasing  awareness  and  necessity  from  designers 
and  manufacturers  of  electronic  and  electrical  devices 
worldwide,  especially  from  those  within  the  member 
states  of  the  European  Union  (EU).  This  is  due  to  the 
fact  that,  since  January  1,  1996,  designers  and 
manufacturers  of  electrical  equipment,  which  can 
generate  and  emit  electromagnetic  disturbance  or 
whose  functional  behavior  can  be  interfered  with  or 
detrimented  by  electromagnetic  disturbances  are 
obliged  by  law  to  comply  with  the  directive 
89/336/EEC  on  Electromagnetic  Compatibility  (EMC). 
Typical  examples  of  such  devices  are  Switched-Mode 
Power  Supplies  (SMPS).  Modern  switched-mode 
power  supplies  are  operated  at  high  switching  fre¬ 
quency  (from  kHz  in  the  MHz  range)  and  at  high  rate 
of  change  of  current  and  voltages  and  generate  high 
conducted  electromagnetic  disturbances  (conducted 
noise)  as  a  result  of  this  switching  action. 

Figure  1  summaries  the  different  EMC-aspects  of 
switched-mode  power  supplies  which  need  to  be 
considered  in  the  design  process;  namely,  the  pre¬ 
vention  and  reduction  of  noise  emission,  increasing 
the  immunity  of  the  SMPS  against  interference  due 
noise  from  other  electromagnetic  noise  sources  and 


c)  Noise  coupling 


Fig.  1 .  EMC-Aspects  of  SMPS 

Traditionally,  the  conducted  noise  are  suppressed  to 
levels  which  are  acceptable  to  and  in  compliance  with 
EMC  regulations  on  conducted  electromagnetic  In¬ 
terference  (e.g.  EN  55022)  by  adding  low  pass  filters 
(EMI-filters),  which  usually  consist  of  inductors  and 
capacitors.  Prototypes  of  the  switched-mode  power 
supplies  are  usually  developed  first  before  the  EMI- 
filters  are  designed,  whereby  the  components  of  the 
EMI-filters  are  selected  by  "try  and  error”  in  an  EMC- 
Laboratory.  In  some  cases,  the  physical  configuration 
of  the  switched-mode  power  supplies  might  require 
modification  before  the  limits  on  the  conducted  EMI 
can  be  met.  This  procedure  of  designing  SMPSs  for 
conformity  with  EMC-regulatory  limits  is  time  con¬ 
suming  and  results  in  the  increase  of  the  total  cost  of 
the  switched-mode  power  supplies.  The  method  pre¬ 
sented  here  enables  the  fulfillment  of  EMC  regula¬ 
tions  effectively  and  with  minimum  cost. 


2  COST-EFFECTIVE  DESIGN  PROCEDURE 

The  flow  chart  summary  of  Fig.  2  explains  the  com¬ 
puter-aided  method  for  the  cost-effective  design  of 
switched-mode  power  supplies  with  regards  to  elec- 
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tromagnetic  compatibility.  Unlike  the  traditional  EMC- 
Conforming  Design  procedure,  with  this  method  the 
required  EMI-Filter  and  other  suppression  technique 
(e.g.  Shielding)  are  determined  and  incorporated  in 
the  design  process.  The  cost  for  the  developing  of  the 
SMPS’s  are  also  estimated  before  the  construction  of 
the  first  prototype. 


Modeling 


Without  EMFFIlUr 


■hrttUEfa 


EMC-Simulalion,  EMC- 
Analyiit  and  Supprastionj  j 
Techniques  (j.B.  Filter) 


Cost  Estimation 


•  Prototyping 

•  EMI-Maaauramant 


Fig.  2.  Cost-effective  procedure  for  the  EMC- 
conforming  design  of  SMPSs. 


3  COMPONENT  MODELING 

This  novel  method  is  based  on  simulation.  Its  effec¬ 
tiveness  depends  therefore  on  the  accuracy  of  the 
models  of  components  such  transformers,  common¬ 
mode  chokes,  X-  and  Y-capacitors,  conductor  tracks, 
semiconductor  devices  which  are  implemented  in  the 
simulation.  The  parasitic  properties  of  these  compo¬ 
nents  are  to  be  considered  in  order  to  achieve  realis¬ 
tic  simulation  results. 

Figure  3  shows,  as  example,  the  circuit  diagram  of  a 
commonly  used  switched-mode  power  supply  with 
EMI-Filter,  namely  the  forward  converter.  Its  main 
components  are  the  transformer  Tr,  the  semiconduc¬ 
tor  switch  M,  the  rectifier  diode  D1,  the  free  wheeling 
diode  D2,  the  demagnetization  diode  D3  and  the 
output  filter  elements  L  and  C. 


Table  1  gives  an  overview  of  simply  PSpice- 
compatible  models  for  conductor  tracks,  inductors 
and  capacitors. 


Table  1.  Model  of  selected  components 


3.1  Conductor  track 

The  behavior  of  a  conductor  track  at  frequencies  (in 
the  kHz  range)  is  approximately  modeled  as  a  series 
connection  of  the  resistance  ft,  and  the  inductance  Lt. 
Their  values  are  determine  by: 


h 


K  -w- d 


and  L,  =  2  ■  lb  ■  In 


%d  w 
w  4  d 


(1) 


where  lb  represents  the  length,  w  the  width,  d  the 
thickness  and  k  the  conductivity  of  the  conductor. 

In  SMPSs  where  we  have  high  rate  of  change  of 
voltages  the  parasitic  capacitance  Q  between  a  con¬ 
ductor  track  and  the  ground  plane,  as  illustrated  in 
Fig.  4,  plays  a  very  vital  role  in  the  generation  of  high 
frequency  conducted  noise  (common-mode  noise)  is[: 


A  simple  formula  to  predetermine  the  value  of  this 
parasitic  capacitance  is  given  by  [4]: 

Ckse,e0Kc^j-\  (3) 

where  Kc,  is  the  fringing  factor.  Its  value  depends  on 
the  relative  geometry  w  and  h  as  well  as  on  the  rela¬ 
tive  permittivity  e,  of  the  material  between  the  con¬ 
ductor  and  the  ground  plane.  Reference  [4]  gives  a 
detailed  analysis  for  the  fringing  factor  and  its  corre¬ 
sponding  values  in  dependency  of  the  relative  ge¬ 
ometry. 


Conductor  track 


Fig.  4.  Parasitic  capacitance  of  a  conductor  track. 


3.2  Capacitors 

Capacitors  are  vital  components  of  switched-mode 
power  supplies  and  are  useful  for  the  suppression  of 
conducted  EMI.  There  are  many  different  types  of 
capacitors  available  but  in  general  they  all  can  be 
represented  by  the  simplified  circuit  model  shown  in 
Figure  5. 


Fig.  5.  Equivalent  circuit  of  a  capacitor. 


This  equivalent  circuit  includes  the  parasitic  elements 
of  a  capacitor  which  are  detrimental  to  their  suppres- 
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sion  effect.  Figure  6  depicts  a  comparison  of  the  in¬ 
sertion  loss  of  a  real  capacitor  with  that  of  an  ideal 
one  (i.e.  without  parasitic  elements).  The  insertion 
loss  of  the  ideal  capacitor  rises  continuously  at 
20dB/decade  whilst  that  of  the  real  capacitors  falls 
after  the  resonant  frequency  as  a  result  of  the  para¬ 
sitic  inductance. 


o.l  1  10  100  1000 

Frequency  [MHz] 

Fig.  6.  Frequency  behavior  of  a  capacitor. 

The  model  parameters  Rp  and  Lp  are  determined  from 
an  existing  insertion  loss  graph  of  a  capacitor  as 
follows: 


This  transformer  model  consists  basically  of  three 
main  parts,  namely: 

1 .  The  parasitic  capacitances  between  adjacent 
winding  layer 

2.  Ideal  transformers  whose  turn  ratios  represents 
the  number  winding  turns  of  a  winding  layer  and 

3.  The  Impedance  elements  Zs1  to  Zqn  which  contain 
the  geometrical  and  material  properties  of  the 
windings,  of  the  insulation  between  winding  lay¬ 
ers  and  of  the  magnetic  core. 


The  impedance  elements  are  given  in  the  frequency 
domain  and  in  dependency  of  the  geometrical  pa¬ 
rameter  of  the  transformer  by  the  following  complex 
expressions: 
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with  R=50£l  and  k  =  10'  20  l  where  aemax  is  the  maxi¬ 
mum  insertion  loss  of  the  capacitor  at  the  resonance 
frequency  f,. 


K  j ,  fj.  conductivity,  permeability 
i  ltlj  mean  turn  length  of  the  ith  conductor  layer 
(index  L),  and  ith  insulation  region  (index  I) 
hu  ,  hn  height  of  the  ilh  conductor  layer  (index  L),  and 
of  the  ilh  insulation  region  (index  I) 
b0  winding  width 


3.3  Magnetic  Components 

Fig. 7  shows  the  a  novel  PSPICE  compatible  model 
for  high-frequency  transformers  of  any  number  of 
winding  layers  which  has  been  presented  in  the  ref¬ 
erences  [1]  and  [2]  for  the  first  time.  The  individual 
winding  layers  can  either  be  connected  in  series  or  in 
parallel. 


Capacitances 


Al  inductance  factor 
a,  =  :  Skin  constant 

These  complex  functions  would  lead  to  a  model  of  an 
infinite  number  of  reactive  elements  in  the  time  do¬ 
main.  Their  approximation  by  means  of  continuous 
fractions  will  yield  linear  networks  consisting  of  linear 
inductors  and  resistors,  the  accuracy  of  which,  is 
dependent  on  the  order  of  the  approximation  [2], 
Figure  8  shows,  for  example,  the  corresponding  linear 
network  in  their  order  of  approximation  for  the  imped¬ 
ance  element  Zsl(p).  The  first  approximation  models 
the  behavior  of  a  transformer  at  low  frequency  or  by 
dc  excitation  . 

a) 

Rsio  Lsjo 


Fig.  8. Approximation  of  zsi(p),  a)  quasi-static  b) 
quasi-stationary  c)  generalized. 
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It  is  termed  quasi-static  approximation.  The  second 
network  represents  the  behavior  of  the  transformer  at 
higher  frequency  and  includes  the  skin-effect  in  the 
transformer  windings.  It  is  termed  quasi-stationary 
approximation.  The  third  network  represents  the  ap¬ 
proximation  of  higher  order. 

The  values  of  the  network  elements  for  the  quasi¬ 
static  approximation  are  determined  by 

/?  -_IlL L_-  t  - 

K\b0h\  3  b0  2  b0  b0 


In  the  case  of  the  quasi-stationary  (first  order)  ap¬ 
proximation,  the  values  are  obtained  from 
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Similarly,  the  other  complex  functions  can  be  repre¬ 
sented  by  their  corresponding  equivalent  network. 
This  is  however  beyond  the  scope  of  this  report.  The 
reader  should  therefore  refer  to  [5]  for  a  complete  list 
of  all  the  linear  network  parameter  of  this  transformer 
model. 

The  parasitic  capacitance  between  adjacent  conduc¬ 
tor  layer  is  given  by 


r  u° 

(~i,i+ 1  ~£i~r 
h ; 


r  l iL,i  +hu  +  \  ^ 


(1) 


where  lLt  i  and  lLtj+ j  are  the  mean  turn  length  of 

the  conductor  layers,  ht  the  thickness  of  the  insulation 
layer  between  them  and  b0  their  width. 

Fig.  9  shows  the  PSPICE-model  for  an  ideal  trans¬ 
former.  The  number  of  turns  of  the  individual  windings 
is  given  by  the  transformation  ratio  A/,:1 . 


Fig.  9.  PSPICE-model  of  an  ideal  transformer. 


3.4  Example 

A  three  winding  transformer  (see  fig  3)  was  used  as 
an  example  to  verify  the  accuracy  of  the  transformer 
model.  The  transformer  consists  of  six  individual  lay¬ 
ers,  as  shown  in  Fig.  10.  The  first  layer  consists  of  44 
turns,  the  second  of  40  turns  and  the  third  of  36  turns. 
These  layers  are  connected  in  series  to  form  the 
secondary  side  of  the  transformer.  Two  solid  wires 
with  a  diameter  of  about  0.23  mm  each,  were  wound 


side  by  side  for  all  these  first  three  layers.  The  fourth, 
the  fifth  and  the  sixth  individual  layer  consist  each  of 
13  turns.  The  fourth  winding  layer  serves  as  the  pri¬ 
mary  side  of  the  transformer.  A  solid  wire  with  a  di¬ 
ameter  of  d4  =  0.35  mm  was  used  for  this  layer  and 
three  of  these  wires  were  wound  side  by  side  (3  in 
parallel).  The  fifth  and  the  sixth  layers  were  con¬ 
structed  with  four  solid  wires  wound  side  by  side 
(parallel)  with  a  diameter  of  about  0.23  mm  each.  The 
fifth  layer  forms  the  demagnetization  winding.  The 
sixth  layers  serves  as  a  monitor  winding.  An  insula¬ 
tion  layer  of  thickness  h|=0.15  mm  was  used  to  iso¬ 
late  the  first,  the  second  and  the  third  individual  layer. 
The  thickness  of  the  insulation  layer  between  the  third 
and  fourth  is  about  0.4  mm.  Between  the  fourth  and 
the  fifth  the  insulation  layer  was  also  0.1 5  mm  thick. 


Fig.  10.  Original  transformer  geometry. 

Figure  11  shows  the  corresponding  PSPICE- 
compatible  model  of  the  transformer.  The  impedance 
elements  are  realized  as  PSPICE-subcircuits  [5],  C,2 
and  C23  are  the  capacitances  between  the  conductor 
layers  of  the  secondary  side  of  the  transformer.  C34  is 
the  capacitance  between  the  primary  and  secondary 
side.  This  capacitance  is  responsible  for  noise  cou¬ 
pling  between  the  input  and  output  of  the  converter. 
C45  represents  the  capacitance  between  the  primary 
and  the  demagnetization  windings  whilst  C56  forms 
the  capacitance  between  the  demagnetization  and 
the  monitor  windings. 

Simulations  in  the  frequency  domain  (AC-analyse) 
were  performed  to  determine  the  short  circuit  imped¬ 
ance  of  the  transformer  with  both  the  quasi-static  and 
quasi-stationary  model. 


Fig.  1 1 .  Model  of  the  transformer. 

The  first  three  layers  were  connected  in  series  to  form 
the  secondary  side  of  the  transformer.  The  fourth  and 
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the  fifth  layer  were  shorted  whilst  the  sixth  remain 
opened. 

Figure  12  shows  the  short  circuit  resistance  and  fig. 
13  the  short  circuit  inductance  (=leakage  inductance) 
of  the  transformer.  Experimental  results  are  also  in¬ 
cluded  for  comparison. 


Frequency  [KHz] 


Fig.  12.  Short  circuit  resistance  of  the  transformer  in 
dependence  of  the  frequency. 


Frequenz  [kHz] 

Fig.  13.  Short  circuit  (leakage)  inductance  of  the 
transformer. 

It  is  obvious  from  the  comparison  that: 

In  the  low  frequency  range,  all  the  calculated  results 
are  in  good  agreement  with  measurement.  The  same 
applies  to  the  short  circuit  inductance  (fig.  13).  The 
short  circuit  resistance  is  constant  and  corresponds 
with  the  value  of  the  DC-  resistance  of  the  trans¬ 
former.  The  short  circuit  resistance  with  the  quasi¬ 
stationary  model  increases  at  higher  frequencies 
(>100kHz).  This  is  due  to  the  skin-effect  inside  of  the 
transformer  windings. 

4  SIMULATION  OF  CONDUCTED  EMI 

Figure  14  shows  the  simulation  template  for  con¬ 
ducted  EMI  analysis  and  prediction.  It  consists  basi¬ 
cally  of  a  model  of  the  switched-mode  power  supply 
itself,  that  of  a  load,  the  model  of  the  EMI-filter  and 
one  for  an  ideal  Line  Impedance  Stabilizing  Network 
(LISN).  The  line  impedance  stabilizing  network  is 
usually  inserted  between  the  input  source  and  the 
power  supply  to  isolate  the  line  impedance  from  af¬ 
fecting  the  results  of  measurement. 

The  conducted  EMI  noise  voltage  is  first  measured  in 
the  time-domain  across  the  resistance  f?ml  and  Rm2 
and  then  transformed  by  means  of  the  Fourier  analy¬ 


sis  in  the  frequency  domain.  The  common-mode 
conducted  noise  is  the  arithmetic  mean 

ucm  =-(us\+us2) 

and  the  differential-mode  conducted  EMI  noise  the 
difference 


UDM=Us  1-^,2  (6) 

of  these  noise  voltages. 


Fig.  14.  Simulation  template  for  Conducted  EMI 
prediction. 


5  CONCLUSION 

A  procedure  for  cost-effective  design  of  switched- 
mode  power  supplies  with  regards  to  electromagnetic 
compatibility  has  been  presented.  The  method  is 
based  on  modeling  and  simulation.  As  such  Pspice 
compatible  models  of  the  conductor  tracks,  capacitors 
and  magnetic  components  has  been  given.  The  accu¬ 
racy  of  the  models  were  verified  by  experiment.  Due 
to  the  limited  space  allowed  for  this  paper,  conduct 
EMI  results  predicted  with  the  help  of  these  models 
have  been  left  out.  The  reader  may  refer  to  [3]  for 
such. 
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This  paper  describes  the  mathematical  approach  used 
to  develop  an  electromagnetic  simulator  for  the 
predictive  analysis  of  the  radiated  immunity  on  printed 
circuit  boards  in  metallic  enclosures.  The  results 
calculated  by  using  the  developed  simulator  are 
compared  with  the  ones  obtained  with  a  MST  based 
measurement  technique,  a  numerical  method  ( FEM) 
and  an  analytical  model.  The  most  important  features  of 
the  software  implementation  of  the  simulator  are  also 
provided. 


1.  INTRODUCTION 

Electromagnetic  shields  are  usually  adopted  to 
solve  both  susceptibility  and  emission  problems  of  an 
electrical  or  electronic  device.  An  ideal  electromagnetic 
shield  is  constituted  by  a  closed  surface  made  of  perfect 
conductor  that  guarantees  a  perfect  degree  of  isolation 
between  the  enclosed  region  and  the  external  one  [1], 
[2].  However,  practical  applications  of  shielding  devices 
to  electrical  and  electronic  products  imply  the  presence 
on  the  shield  surface  of  a  certain  number  of  apertures 
and  discontinuities  (I/C  ports,  displays,  cooling 
apertures,  etc.).  All  these  reductions  in  shield  integrity 
result  in  a  dramatic  degradation  of  the  attenuation 
capability  of  the  enclosure.  Due  to  the  great  number  of 
applications  of  shielding  devices  in  electronic  industry, 
is  quite  important  to  develop  CAD  tools  able  to 
efficiently  simulate  the  effects  of  apertures  on  shield 
performances  by  calculating  the  coupling  of  external 
electromagnetic  field  with  the  shielded  region. 

The  numerical  evaluation  of  the  penetration  of  an 
electromagnetic  field  inside  a  metallic  enclosure  with 
apertures  may  be  faced  with  a  high  degree  of  accuracy 
by  means  of  different  numerical  methods:  MoM,  FEM, 
FDTD  and  TLM,  for  istance,  allow  the  accurate 


modeling  of  electromagnetic  compatibility  problems, 
but  they  generally  need  a  great  amount  of  computational 
resources. 

In  this  paper  we  describe  a  code  that  implements  a 
semi-analytical  model  based  on  a  modal  expansion  of 
the  electromagnetic  field  inside  the  shielding  box  [3] 
and  on  the  evaluation  of  the  coupling,  due  to  the 
presence  of  apertures,  of  the  external  field  with  the 
terms  of  the  field  expansion. 

The  validation  process  of  the  software  is  presented 
comparing  the  data  obtained  for  a  rectangular  metallic 
box  having  a  rectangular  aperture  on  one  face  with  the 
corresponding  data  obtained  by  means  of  a  FEM  code. 
The  comparison  is  also  done  with  another  very  efficient 
approximating  analytical  formulation  based  on  a 
transmission  line  modelling  of  electromagnetic 
phenomena,  proposed  by  Robinson  et  al.  [4]. 

Furthermore  the  validation  process  has  also 
involved  an  experimental  activity;  to  this  end  the  data 
obtained  by  means  of  the  presented  code,  for  the 
considered  metallic  box,  are  compared  with  the 
corresponding  measured  data  obtained  by  means  of  an 
electromagnetic  field  measurement  system  based  on  the 
Modulated  Scattering  Technique  [5],  [6],  [7], 

Finally  the  comparisons  are  also  extended  to  the 
case  of  a  circuit  enclosed  in  the  shielding  box. 


2.  ELECTROMAGNETIC  PROBLEM 

The  problem  is  to  determine  the  electromagnetic 
field  inside  a  metallic  box  with  a  rectangular  aperture  in 
one  of  its  faces,  when  an  electromagnetic  plane  wave 
impinges  on  it.  It  is  assumed  that  a  metallic  sheet 
(representing  a  PCB)  is  contained  in  the  box  and  that  the 
incident  plane  wave  can  have  an  arbitrarily  (user-) 
defined  incident  direction,  a  frequency  in  the  range 
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Fig.l  Problem  geometry. 
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30  MHz  -  1  GHz,  and  an  arbitrary  polarization.  See 
Figure  1. 


3.  MATHEMATICAL  PROBLEM 

The  problem  described  above  is  formulated  as  a 
scattering  problem  whose  solution  requires  the  use  of 
numerical  or  semi  analytical  techniques.  Since  the 
geometries  of  the  metallic  box,  aperture,  and  metallic 
sheet  are  fixed  (even  though  their  dimensions  and 
relative  positions  are  not),  it  was  possible  to  solve  the 
problem  in  an  approximate  way  by  using  a  semi 
analytical  method  based  on  a  series  expansion  of  the 
fields  inside  the  box.  Once  the  semi  analytical  approach 
was  chosen,  we  firstly  assumed  the  electromagnetic 
field  on  the  rectangular  aperture  to  be  equal  to  the 
unperturbed  electromagnetic  field  of  the  incident  wave. 
In  this  way  the  original  scattering  problem  was  turned 
into  an  electromagnetic  boundary-value  problem. 
Moreover,  it  is  well-known  [3],  [8]  that,  once  the 
electromagnetic  field  on  the  aperture  and  the  conduction 
currents  present  inside  the  box  are  known,  the  field 
inside  the  box  is  uniquely  determined,  being  the 
tangential  components  of  the  electric  field  on  the 
metallic  walls  equal  to  zero.  As  a  matter  of  fact,  the 
electromagnetic  field  inside  the  box  can  be  calculated 
by  using  formulas  (10.27)  and  (10.28)  on  page  299  of 
[3],  which  we  report  here  for  reader  convenience. 
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k0  is  the  free  space  wave  number,  So  's  the  free 
space  dielectric  permittivity,  |i0  is  the  free  space 
magnetic  permeability,  co  is  the  angular  frequency,  kn 
is  the  wave  number  corresponding  to  the  n-th  mode,  J  is 
the  electric  current  density  vector  field,  Jm  is  the 
hypothetical  magnetic  current  density  vector  field,  and 
e„  ,  fn  ,  gn ,  and  hn  are  the  “modes”  of  the  cavity  [9]. 
By  the  way,  note  that  these  series  expansions  can  be 
applied  to  metallic  boxes  of  any  shape  (different  shapes, 
of  course,  affect  the  actual  expressions  of  the  modes  of 
the  cavity  involved  in  the  above  series  expansions). 

However,  while  the  boundary  conditions  are 
known,  the  current  flowing  on  the  metallic  sheet  which 
is  present  inside  the  box  are  not.  This  would  prevent  the 
use  of  the  above  formulas. 

To  overcome  this  problem,  we  firstly  considered  the 
problem  of  determining  the  electromagnetic  field  inside 
the  empty  box  with  the  aperture.  This  determination 
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could  be  done  by  using  the  series  expansions  indicated 
above,  as  no  unknown  conduction  currents  are  present 
in  this  case.  In  particular,  the  electromagnetic  field 
could  be  calculated  at  the  point  of  interest  and  at  the 
center  of  the  metallic  sheet  if  it  were  present  inside  the 
box.  Secondly,  we  used  the  value  of  the  electric  field  at 
the  center  of  the  metallic  sheet  inside  the  box  to  enforce 
the  tangential  components  of  the  electric  field  on  the 
metallic  sheet  to  zero.  In  particular,  we  considered  a 
uniform  surface  current  flowing  on  an  equivalent 
circular  metallic  sheet.  The  only  unknown  was  its 
amplitude.  The  electric  field  generated  by  this  current, 
at  the  center  of  the  circular  metallic  sheet  itself,  is  given 
by 


where  R  is  the  radius  of  the  circular  sheet  and  J  is  the 
vector  representing  the  uniform  tangential  electric 
current  density  flowing  on  the  sheet.  This  field  is 
determined  up  to  the  arbitrary  amplitude  of  J  which 
could  then  be  chosen  so  to  enforce,  at  the  center  of  the 
sheet,  a  zero  tangential  electric  field. 

Once  its  amplitude  is  determined,  by  using  again 
the  parts  of  the  above  formulas  involving  an  electric 
current  density  (3),  we  can  calculate  the  field  at  the 
point  of  interest  due  to  this  contribution  only.  By 
superposition,  the  sum  of  the  two  values  of  the  electric 
field  at  the  point  of  interest  so  far  calculated  gives  the 
solution  to  the  problem. 


4.  SOFTWARE  IMPLEMENTATION 

It  is  firstly  necessary  to  define  the  problem.  During 
this  phase  the  following  data  must  be  provided  to  the 
procedure.  Three  numbers  defining  the  depth,  d,  width, 
w,  and  height,  h,  are  required  to  define  the  box 
dimensions.  Afterwards  aperture  position  and 
dimensions,  are  required.  It  is  assumed  that  the 
rectangular  aperture  is  always  on  the  plane  z  =  d  .  The 
position  is  then  specified  by  providing  the  procedure 
with  two  numbers  representing  the  x  and  y  coordinates 
of  the  aperture  center.  The  dimensions  are  given  by  its 
width  (in  the  x  direction)  and  height  (in  the  y  direction). 

For  the  metallic  sheet  position  and  dimensions  it  is 
assumed  that  the  metallic  sheet  is  rectangular  and  that 
the  plane  containing  it,  is  parallel  to  one  of  the 
coordinate  planes,  i.e.  on  this  metallic  sheet  all  points 
have  the  same  coordinate  x,  or  y,  or  z.  The  coordinates 
of  the  two  vertices  (six  numbers)  placed  along  the  same 
diagonal  of  the  rectangle  must  be  provided.  In  order  to 
describe  the  angle  of  incidence  and  polarization  of  the 
plane  wave  the  following  three  angles  are  used.  It  is 
assumed  that  the  propagation  vector  of  the  wave  is 
incident  on  the  origin  of  the  coordinate  system,  that 
forms  an  angle  8  with  the  x  axis  and  that  its  projection 
onto  the  y-z  plane  forms  an  angle  <j>  with  the  y  axis. 


These  two  angles  uniquely  determine  a  line  passing 
through  the  origin.  Let  us  consider  one  plane  orthogonal 
to  this  line.  It  is  well  known  that  the  electric  field  vector 
is  on  this  plane.  For  this  reason  the  polarization  of  the 
electric  field  vector  is  described  in  terms  of  the  angle  cp 
from  the  unit  vectors  of  the  spherical  coordinate 

system.  The  amplitude,  and  the  frequency  of  the 
incident  plane  wave  and  the  point  of  measurement  of 
the  electromagnetic  field  inside  the  metallic  box  (the 
three  coordinates  of  the  point)  are  required  to  complete 
the  definition  of  the  problem.  Once  these  data  are 
available  the  problem  can  be  solved  by  using  the 
mathematical  approach  described  in  the  previous 
section.  The  calculated  electric  field  at  the  point 
indicated  by  the  user  is  then  shown  to  the  user  by 
providing  the  following  numbers:  the  three  coordinates 
of  the  observation  point,  real  part,  imaginary  part  and 
amplitude  of  the  three  components  of  the  electric  field 
at  that  point. 


5.  NUMERICAL  TESTS 

In  order  to  assess  the  capabilities  of  the  software, 
some  preliminary  numerical  tests  were  carried  out. 

The  first  test  consider  an  empty  metallic  box  with 
dimensions  w=300mm,  d=300mm  and  h=  120mm.  The 
box  has  an  aperture  of  100x5  mm,  and  the  center  of  the 
aperture  was  positioned  at  the  center  of  the  box  face. 
The  structure  is  the  same  considered  by  [4]  where  an 
efficient  model  to  study  the  shielding  effectiveness  was 
proposed.  The  electromagnetic  wave  considered  was  a 
uniform  plane  wave  with  a  polarization  along  y  axis  and 
an  intensity  of  1  V/m;  the  frequency  of  the  plane  wave 
was  varied  from  400  MHz  to  1  GHz.  Figure  2  shows  the 
electrical  shield  effectiveness  against  the  frequency.  The 
results  are  compared  with  the  ones  given  in  [4],  in  order 
to  give  a  consistence  check.  From  Figure  2  one  can 
observe  that  the  lower  shielding  effect  is  localized  near 
707  MHz,  which  is  the  resonance  frequency  of  the 
structure  thought  as  a  rectangular  resonator.  The  second 
example,  is  more  interesting  because  considers  the  same 
box  of  the  first  example  but  with  an  aperture  of  200x30 
mm.  As  expected  the  shielding  effectiveness  is  reduced 
with  respect  to  the  first  example  because  the  aperture  is 
larger.  The  results  of  the  simulation  were  compared 
with  the  results  given  in  [4]  and  with  the  measured  data 
obtained  by  using  an  MST  based  measurement 
technique  [5],  [6],  [7].  The  modulated  scattering 
technique  (MST)  is  a  perturbative  measurement  tool 
based  on  the  scattering  properties  of  antennas  and  of 
electrically  small  loaded  objects,  used  as  field  probes 
[10],  [11].  These  comparison  are  reported  in  Figure  3. 
Since  the  MST  techniques  works  without  any  RF 
connection  between  the  probe  and  the  measurement 
system,  the  perturbations  introduced  in  the  field  under 
measurement,  inside  the  shielding  box  can  be  very 
limited  if  compared  with  traditional  measurement 
technique.  The  data  obtained  by  the  modal  simulator  are 
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aperture  100X5mm  p=150mm 


Frequency  [MHz) 

Fig.  2  Comparison  between  the  model  proposed  by  [4] 
and  simulated  value  for  an  aperture  of  100x5mm. 


aperture  200X30mm  p=1 50mm 


Fig.3  Comparison  between  measured  data  obtained  by  a 
MST  measurement  based  system,  Robinson  et  al.  [4] 
model  and  the  modal  simulator. 

in  good  agreement  with  the  measured  data  and  the 
model  proposed  in  [4], 

The  third  example  considers  a  box  of 
200x100x300mm  with  a  very  large  aperture  of 
100x80mm. 

The  field  was  computed  along  the  z  axis  passing 
across  the  center  of  the  box.  Thirty  uniformly  spaced 
samples  were  considered.  The  amplitude  of  the  incident 
wave  was  equal  to  lV/m  and  polarized  along  the  y 
direction. 

Into  the  box  a  PCB  of  100x90mm  was  placed;  the 
PCB  laid  on  the  yz  plane.  Figure  4  shows  the 
component  Ey  of  the  electric  fields  along  the  z  axis  in 
the  two  cases  considered.  The  results  were  compared 
with  the  ones  obtained  by  using  a  FEM  code  and  the 
agreement  was  good. 

6.  CONCLUSIONS 

An  efficient  software  able  to  evaluate  the  shielding 
effectiveness  of  a  metallic  box  has  been  presented.  The 
validation  process  has  been  performed  comparing  the 
results  obtained  for  a  rectangular  box  with  the  data 
obtained  by  using  an  MST  measurement  system  and  the 


Electrical  Held  along  Z  direction 


Fig.4  Simulation  of  the  effects  caused  by  insertion  of  a 
PCB  into  the  box  (f=30  MHz). 

model  proposed  by  Robinson  et  al.  [4].  Due  to  the 
semi-analytical  formulation  of  the  problem  the 
presented  software  results  to  be  sufficiently  accurate. 
This  is  also  confirmed  by  the  comparisons  with  other 
techniques. 
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ABSTRACT 

This  paper  describes  a  knowledge-based  modeling 
and  simulation  capability  called  E3 EXPERT  that  is  being 
developed  to  predict  interference  cancellation 
requirements  for  co-located  RF  systems.  An  expert 
system  is  used  to  generate  a  valid  computational  model 
including  all  transceivers  of  interest.  A  coarse, 
conservative  EMI  analysis  cull  is  then  performed  in  the 
frequency  domain.  Coupling  interactions  are  computed 
based  on  high-frequency  GTD  theory  for  high  probability 
EMI  cases.  Results  are  ranked  to  determine  the  severity 
of  EMI  and  to  specify  initial  corrective  measures  with  the 
aid  of  the  expert  system.  A  time-domain  analysis  is 
performed  to  confirm  frequency-based  predictions  for 
persistent  EMI  cases.  The  knowledge  base  is  being 
developed  to  monitor  the  signal  environment  in  both 
domains  and  select  the  interference  rejection  schemes 
most  appropriate  for  mitigating  the  effects  of  interferes. 

1.  INTRODUCTION 

The  Electromagnetic  Environment  Effects  Expert 
Processor  with  Embedded  Reasoning  Tasker 
(E3EXPERT)  is  a  new  capability  that  is  being  developed 
to  model  and  analyze  the  operational  compatibility  of 
large,  complex  systems  and  their  electronic  subsystems. 
E3EXPERT  is  built  upon  an  enhanced  version  of  the 
Intrasystem  Electromagnetic  Compatibility  Analysis 
Program  (IEMCAP).  Improvements  and  additional 
capabilities  include:  (a)  a  nonlinear  prediction  model  to 
study  receiver  third-order  intermodulation  effects,  (b) 
spread  spectrum  modulation  signal  models  (direct 
sequence  and  slow,  coherent  frequency  hoppers),  (c)  a 
limited  non-average  power  receptor  modeling  capability, 
and  (d)  the  availability  of  a  time-domain  simulation  tool. 
The  US  Air  Force  Research  Laboratory  under  Contract 
F30602-98-C-0034  sponsors  the  research  and 
development  to  establish  this  capability  [1,  2]. 


This  paper  provides  definitive  descriptions  of  several 
of  these  new  capabilities  and  addresses  the  relative 
successes  achieved  thus  far  as  part  of  a  typical  modeling 
and  simulation  scheme.  Example  problems  are  postulated 
which  explain  how  the  models  are  used  and  what  results 
were  obtained.  These  focus  on  complex  aerospace 
systems  with  AM  radios  and  spread  spectrum  wireless 
telecommunications  transceivers.  The  approach  is  also 
relevant  to  analyzing  the  EMC  of  virtually  any  class  of 
system  consisting  of  multiple,  co-located  RF  components 
(e.g.,  auto  vehicles,  marine  vessels,  radar  stations,  etc.). 
The  knowledge-based  aspects  of  the  automated  EMC 
analysis  methodology  captured  in  E3EXPERT  are  also 
explained.  The  knowledge  base  is  a  constantly  evolving 
component  that  enhances  the  quality  of  the  simulation  as 
additional  rules  and  knowledge  about  EMC  problem 
solving  methods  are  incorporated  into  its  structure.  Its 
application  is  illustrated  for  pre-  and  post-processing  steps 
in  the  modeling,  simulation  and  analysis  scenario. 

2.  GENERATING  COMPUTATIONAL  MODELS 

2.1.  Creating  and  Validating  Models 

Computational  electromagnetic  (CEM)  models  can  be 
generated  in  one  of  two  basic  ways.  The  first  is  by 
importing  certain  types  of  computer-aided  design  (CAD)  or 
existing  model  data  for  selected  CEM  codes,  and  then 
transforming  these  into  smooth  surface  models.  The 
present  capability  can  read  in  models  consistent  with  the 
General  Electromagnetic  Model  for  the  Analysis  of 
Complex  Systems  (GEMACS),  the  Numerical 
Electromagnetic  Code  -  Method  of  Moments  (NEC-MOM) 
and  the  Basic  Scattering  Code  (NEC-BSC)  as  well  as 
several  other  CEM  codes.  The  second  way  of  generating  a 
computational  model  is  by  manually  creating  it  within  a 
graphical  editor/model  building  environment.  Here  perfectly 
electrically  conducting  (PEC)  canonical  objects  (elliptical 
cylinders,  cones,  frusta,  plates,  toroids,  boxes,  patches 
and  wires)  are  individually  defined,  sized,  and  assembled 
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to  represent  an  actual  system.  Frequency  selective 
surface  properties  (dielectrics  and  other  non-PEC 
electrical  characteristics)  as  well  as  loads  on  wires  and 
dielectric  patch  elements  can  also  be  specified. 

In  either  case  the  expert  system  pre-processor 
surveys  the  model,  performs  validity  checks  on  all 
objects  in  the  model,  and  identifies  potential  modeling 
anomalies.  Feedback  is  provided  to  the  analyst  to 
correct  any  errors  that  are  detected  prior  to  committing 
the  model  to  the  analysis  stage.  An  example  of  this  is 
given  in  Figure  1  for  the  case  of  a  plate  (wing)  that  is  not 
properly  attached  to  a  cylinder  (fuselage).  The  final 
model  that  is  generated  can  be  displayed  in  the 
graphical  editor/renderer  environment,  and  can  be 
further  edited  (i.e.,  trimmed  or  augmented).  The  present 
capability  can  produce  valid  computational  models  that 
are  in  accordance  with  the  input  requirements  of 
IEMCAP,  GEMACS,  and  several  other  CEM  codes. 
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Figure  1.  Plate-to-Cylinder  Error  Screen 


2.2.  Defining  the  Analysts  Problem 

In  this  paper,  we  focus  on  E3EXPERT  models  for 
IEMCAP  and  GEMACS  GTD  coupling  analyses.  Figure 
2  shows  a  graphical  editor  view  of  a  detailed  GTD  model 
to  be  analyzed.  For  the  IEMCAP  analysis,  a  coarse 
version  of  this  model  is  created.  These  models  are 
identical  except  for  the  structural  details  (i.e.,  the  coarse 
model  excludes  the  aft  stabilizers).  The  simplified  model 
is  “abstracted”  from  the  detailed  model  to  accommodate 
the  use  of  IEMCAP  for  a  coarse  analysis  cull. 


Figure  2.  Detailed  Computational  Model 


Both  models  contain  several  RF  communications 
transmitting  and  receiving  antennas  that  are  effectively  co¬ 
located  on  top  of  the  cylindrical  fuselage.  These  antennas 
are  spaced  within  one  meter  of  each  other  in  a  triangular 
configuration.  For  illustrative  purposes,  we  only  consider 
the  problem  of  two  transmitters  coupling  to  a  single 
receiver,  where  one  transmitter  produces  a  desired  signal 
and  the  other  is  a  potential  interferer.  The  two  transmitters 
and  the  receiver  will  first  be  treated  as  conventional 
amplitude  modulated  (AM)  antenna  ports.  We  will  then 
consider  the  same  example  using  direct  sequence  spread 
spectrum  (DSSS)  modulation  for  these  ports.  Medium 
frequencies  («10  MHz  regime)  are  considered  in  our 
example  in  order  to  keep  sampling  rates  for  FFT 
computations  low  and  to  reduce  corresponding 
computation  times.  However,  the  problem  can  readily  be 
extended  to  HF  and  higher  frequencies.  This  simple 
scenario  can  also  be  expanded  to  analyze  more  complex 
models  consisting  of  many  types  of  RF  and  baseband 
ports,  and  mixed  modulation  signals. 

After  the  basic  CEM  structure  model  and  the  location 
of  all  radiating  ports  have  been  defined,  the  analyst  enters 
information  about  other  electromagnetic,  physical,  and 
electrical  properties  relevant  to  the  problem.  These  include 
transmitter  power  levels,  receptor  sensitivities,  filtering 
characteristics,  tuned  and  sample  frequencies,  modulation 
signals,  harmonics,  amplifier  gains  (for  nonlinear 
interference  simulations),  time  waveform  parameters,  and 
so  on.  Once  all  parameters  have  been  entered,  one  is  in 
the  position  to  perform  an  initial  coarse  cull.  It  seems  as 
though  this  step  may  not  be  necessary  for  our  simple 
problem  because  of  the  small  number  of  ports  involved. 
However,  this  step  becomes  very  important  when  there  is 
a  potentially  large  number  of  electromagnetic  ports  in  the 
system  problem.  E3EXPERT  offers  three  types  of  solution 
approaches:  (1)  coarse,  conservative  baseline  survey  cull, 
(2)  detailed  analysis  mode  using  a  refined  structure  model 
and  selected  ports,  and  (3)  a  time-domain  solution.  In  this 
case,  the  coarse  model  will  be  analyzed  using  the 
enhanced  IEMCAP  computational  engine.  The  detailed 
model  can  (optionally)  be  run  through  a  refined  GTD 
computational  module  to  more  accurately  compute 
structure  and  path  propagation  losses  for  selected  pairs  of 
RF  antenna  ports.  One  can  also  step  into  the  time-domain 
mode.  In  particular,  we  will  illustrate  the  application  of 
modes  (1)  and  (3),  and  briefly  highlight  the  usage  of  mode 
(2)  in  our  postulated  problem. 

The  role  of  the  expert  system  module  at  this  point  is  to 
guide  the  analyst  through  each  step  of  the  automated 
modeling  and  simulation  process.  This  capability  is 
presently  being  implemented,  tested,  and  refined.  In  effect, 
E3EXPERT  functions  as  an  advisor  to  make  sure  that 
“mixed  mode”  models  and  analyses  are  avoided.  For 
example,  if  the  analyst  attempts  to  run  a  detailed  model 
through  the  coarse  analysis  stage,  the  built-in  “expert” 
alerts  the  user  about  this  inconsistency  and  walks  the 
analyst  through  the  proper  sequence  of  steps  to  complete 
the  modeling  and  analysis.  This  method  is  being  further 
developed  and  implemented  in  the  form  of  a  “Modeling 
Assistanf  or  “Advisor. 

3.  NEW  SPECTRUM  MODELS 
3.1 .  Power  Spectral  Density  Representations 

In  view  of  E3EXPERT  incorporating  a  modified  version 
of  IEMCAP,  we  now  discuss  several  enhancements  to  the 
code  in  the  form  of  new  spectrum  models.  The  original 
version  of  IEMCAP  included  spectrum  models  for  a 
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number  of  signaling  waveforms  (e.g.,  AM,  FM,  PDM, 
BFSK,  Radar  Pulses,  etc.).  These  spectrum  models 
were  determined  by  bounding  the  actual  spectrum  of  the 
signal.  This  procedure  followed  the  worst-case  design 
philosophy  employed  in  the  code. 

More  recently,  spread  spectrum  communication 
systems  have  become  quite  popular.  Spread  spectrum 
techniques  are  currently  being  used  quite  extensively  in 
mobile  wireless  communications  and  personal 
communication  services  (PCS)  due  to  their  interference 
rejection  ability  for  handling  multi-path  fading  and  due  to 
their  ability  for  providing  a  multiple  access  mechanism 
known  as  code-division  multiple  access  (CDMA).  As 
opposed  to  the  conventional  IEMCAP  signaling 
waveforms,  spread  spectrum  signals  are  wideband  in 
nature.  There  are  two  main  spread  spectrum 
techniques,  namely  direct  sequence  spread  spectrum 
(DSSS)  and  coherent  frequency  hopping  spread 
spectrum  (FHSS).  These  two  techniques  differ  in  the 
manner  in  which  they  achieve  spectral  spreading. 
Although  spectrum  models  for  DSSS  and  slow  coherent 
FHSS  systems  have  been  developed  and  incorporated 
in  the  enhanced  IEMCAP  code,  the  focus  in  this  paper  is 
on  the  DSSS  model. 

In  DSSS  systems,  digitally  modulated  data  using 
binary  phase  shift  keying  (BPSK),  for  example,  is  further 
modulated  by  a  spreading  or  signature  code  resulting  in 
a  wideband  signal.  The  spreading  code  is  a  pseudo 
noise  (PN)  or  some  other  pseudo  random  sequence.  A 
symbol  in  the  PN  sequence  is  called  a  chip  and  its 
duration  is  called  a  chip  duration.  It  is  usually  much 
smaller  than  the  message  bit  duration.  The  ratio  of  the 
message  bit  duration  to  the  chip  duration  is  known  as 
the  processing  gain.  This  quantity  determines  the 
interference  rejection  capability  of  the  system.  A 
spectrum  model  for  DSSS  systems  has  been  developed 
and  incorporated  in  the  enhanced  IEMCAP.  It  follows 
the  worst-case  analysis  philosophy  of  IEMCAP  and  is 
based  on  the  bounding  envelope  of  the  actual  DSSS 
spectrum.  The  two-sided  power  spectral  density  (psd) 
equation  for  the  DSSS  RF  signal  modulation  model  is  of 
the  form 

S(f)  =  1/2PTch{sincz(f-fc)Tch  +  sinc2(f  +  fJT*}  (1) 
where 

P  =  E(/Tb  is  the  data  modulated  carrier  average  power 
Tcb  =  Spreading  code  chip  duration 
fc  =  Carrier  frequency 
Eb  =  Energy  per  message  bit 
Tb  =  Message  bit  duration. 

The  addition  of  these  two  new  spread  spectrum 
models  to  IEMCAP  as  part  of  E3EXPERT  has 
significantly  enhanced  its  utility  as  it  can  now  be  used  for 
the  compatibility  analysis  of  modern  communication 
systems  and  for  co-site  interference  analysis. 

4.  FREQUENCY  DOMAIN  CULLS 
4.1  Coarse  Culling  Procedure 

An  interaction  matrix  is  developed  which  lists  all 
possible  interactions  that  could  occur  among  the  various 
receptors  and  emitters  in  a  system.  A  major  objective  of 
this  strategy  is  to  isolate  those  elements  of  a  matrix  that 
can  result  in  EMI.  The  initial  size  of  the  matrix  can  be 
reduced  using  first-order  engineering  culls  which  involve 
eliminating  those  interactions  that  have  a  high  probability 
of  not  being  troublesome.  Only  those  cases  that  require 


further  or  more  precise  investigation  using  refined  EMC 
tools  and  complementary  analysis  procedures  remain. 
Therefore,  the  first  step  in  the  intrasystem  assessment 
task  is  to  model  and  analyze  the  remaining  cases  using  a 
coarse  culling  approach. 

The  initial  cull  using  E3EXPERT  for  the  simple  structure 
model  described  earlier  is  a  two-step  procedure  involving 
discrete  models  and  numerical  techniques.  First,  a  linear 
cull  is  performed  where  coupling  is  computed  on  an 
individual  port-pair  (one-to-one)  basis  and  then  for  multiple 
emitters  to  a  singe  victim  receptor  (many  on  one).  To 
analyze  receiver  intermodulation  effects  due  to 
nonlinearities  in  the  receiver  (i.e.,  RF  and  IF  amplifiers, 
mixers,  etc.)  and  because  of  multiple  transmitter 
frequencies  present  at  the  receiver,  a  nonlinear  cull  is  also 
performed.  A  nonlinear  prediction  capability  has  been 
developed  and  incorporated  into  E3EXPERT  for  this 
purpose.  The  new  model  predicts  3rd-order 
intermodulation  products,  but  can  be  extended  to  compute 
second-  and  higher-order  terms. 

4.2  Short  Term  Fourier  Transform  (STFT) 

E3EXPERT  and  the  modified  IEMCAP  engine  use  the 
conventional  Fourier  transform  to  generate  a  time-invariant 
frequency-domain  characterization  of  a  signal,  which 
reveals  how  the  power  in  that  signal  is  distributed  with 
respect  to  frequency.  This  representation  has  been  a 
powerful  tool  in  assessments  of  EMC.  However,  there  are 
applications  where  a  time-frequency  representation  of 
signals  would  be  more  effective.  For  example,  consider  a 
complex  environment  consisting  of  several  frequency¬ 
hopping  emitters  and  receptors.  Each  emitter  hops  from 
one  frequency  to  another  as  do  the  tuned  frequencies  of 
the  corresponding  receptors.  Even  though  all  of  the 
equipments  are  active  simultaneously  over  the  same 
frequency  band,  there  will  be  no  interference  provided  the 
frequency-hopping  patterns  are  designed  such  that  the 
hopping  frequencies  are  widely  separated  relative  to  the 
receptor  bandwidths  and,  during  each  hopping  interval,  the 
emitter-receptor  pairs  utilize  different  frequencies.  In  this 
way,  multiple  operators  can  simultaneously  use  the  same 
frequency  band.  The  conventional  Fourier  transform  of  an 
emitter  signal  would  reveal  the  hopping  frequencies 
utilized  by  that  signal,  but  would  imply  that  all  these 
frequencies  were  radiated  together.  To  enable  E3EXPERT 
and  its  modified  IEMCAP  engine  to  determine  which 
frequencies  are  actually  radiated  at  a  given  instant,  the 
short-time  Fourier  transform  (STFT)  has  been  added.  With 
this  new  capability,  a  frequency-hopping  signal  is  sliced 
into  time  segments  consisting  of  consecutive  frequency 
hops.  The  STFT  is  then  taken  of  each  time  segment  to 
determine  its  frequency  content  during  that  time  interval. 
The  IEMCAP  computational  engine  is  then  employed  in 
the  usual  way  to  determine  whether  or  not  interference 
situations  exist  for  each  of  the  time  segments. 

Since  our  simple  example  does  not  employ  frequency- 
agile  transceivers,  this  additional  culling  step  is  omitted. 
The  automated  methodology  provided  by  the  E3EXPERT 
Modeling  Advisor  would  alert  the  analyst  of  the  possible 
need  for  employing  the  STFT  technique  had  frequency 
hoppers  been  encountered  in  the  analytical  model. 

5.  DETAILED  FREQUENCY  DOMAIN  ANALYSIS 
5.1.  Computing  Detailed  Coupling  Coefficients 

If  the  initial  culls  predict  interferences,  the  next  step  in 
the  analysis  scheme  using  E3EXPERT  would  be  to  then 
select  offending  emitter-receptor  pairs  one  at  a  time  and 
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analyze  them  using  the  refined  analysis  mode  for  the 
detailed  structure  model  (assuming  one  has  been 
generated).  This  involves  the  use  of  a  robust  GTD 
computational  method  to  more  accurately  calculate 
coupling  between  individual  pairs  of  emitters  and 
receptors  at  critical  or  worst-case  frequencies.  Here  we 
employ  the  GEMACS  GTD  module  to  illustrate  how  this 
is  accomplished.  To  perform  this  step,  we  generate  an 
equivalent  GEMACS  model  for  the  given  problem  and 
specify  the  location,  excitation,  and  loading  properties  of 
the  selected  emitter  and  receptor  RF  antenna  ports.  This 
is  done  automatically  from  within  E3EXPERT  while  in  the 
“Detailed  Frequency  Analysis”  mode.  With  the  user 
involved,  a  GEMACS  input  model  is  created  and  run 
through  the  code.  We  obtain  from  this  step  in  the 
analysis  the  coupling  transfer  loss  based  on  the  formula 

Power  Ratio  =  PJP\.  (2) 

where 

Pi  =  Power  input  into  the  selected  source 

Pr  =  Power  received  into  the  selected  receptor  load. 

The  power  ratio  is  indicative  of  the  coupling  between  the 
antenna  pairs  in  the  presence  of  the  system  structure. 
Alternatively,  a  simple  equivalent  circuit  model  method 
can  be  used  to  compute  coupling  between  pairs  of 
radiators.  The  authors  are  currently  refining  the  design 
and  implementation  of  this  analysis  mode. 

6.  TIME-DOMAIN  ANALYSIS 
6.1  SystemView  Simulation  Approach 

If  interferences  still  persists  after  frequency  domain 
analyses,  a  time  domain  simulation  can  be  performed  to 
further  verify  their  extent  or  severity.  To  accomplish  this, 
an  RF  simulation  tool  called  SystemView  by  Elanix  has 
been  incorporated  within  E3EXPERT.  SystemView 
applies  a  communications  and  signal  processing 
approach  to  study  the  coupling  of  intended  and 
unintentional  sources  to  receptors  in  the  time  domain. 
The  parameters  for  the  time-domain  analysis  are  input 
at  the  beginning  of  the  E3EXPERT  model  definition 
stage.  The  authors  are  presently  investigating  methods 
for  automatically  generating  the  SystemView  model  in 
accordance  with  the  tool’s  input  modeling  requirements 
based  on  the  predefined  parameters. 

7.  ILLUSTRATIVE  EXAMPLES 
7.1 .  Linear  and  Nonlinear  AM  Example 

This  example  is  based  on  the  simple  problem 
postulated  earlier.  It  primarily  illustrates  the  nonlinear 
capability  added  to  E3EXPERT.  For  the  given  desired 
signal  and  interferer  there  is  no  interference  when  the 
AM  receiver  behaves  linearly.  However,  a  severe 
interference  situation  results  when  a  nonlinearity  is 
included  in  the  RF  amplifier  of  the  receiver.  E3EXPERT 
correctly  predicts  both  situations.  SystemView  by  Elanix 
is  used  to  visualize  the  demodulated  waveform  for  each 
case. 

The  signal  at  the  AM  receiver  input  is  given  by 

r(t)  =  s„(t)  +  Sj(t)  (3) 

where  the  desired  signal  is  the  AM  signal 

s<j(t)  =  Aa  (1  +  cos2TTfmdt)  cos(2Trfcdt)  (4) 
and  the  interferer  is  the  AM  signal 

S|(t)  =  Ai  (1  +  COS2Trfmit)  C0S(2TTfcit)  (5) 


fmd  =  8.192  kHz,  fcd  =  1  MHz 
fmi  =  10.240  kHz,  fci  =  1.065536  MHz. 

Taking  into  account  the  emitter  power  levels  and  the 
coupling  paths  involved,  E3EXPERT  predicted  the  values 
given  in  Table  1  for  the  various  input  frequencies 
assuming  a  50-ohm  receiver  input  impedance. 


TABLE  1.  E3EXPERT/IEMCAP  Predicted  Levels 


Frequency 

(MHz) 

Power 

(dBm) 

Amplitude 

(V) 

fed  =  1.0 

-56.2 

Ad  =  490.6x1  O'” 

fd+  fmd  =  1.008192 

-62.2 

AV2  =  245.3x10“ 

fed  “  fmd  =  0.991 808 

-62.2 

Ad/2  =  245.3x10“ 

fci  =  1.065536 

-18.3 

A,  =  38.6x1 0* 

fci  +  W  =  1.075776 

-24.3 

A/2  =  19.3x10“ 

fci- fmi  =  1.055296 

-24.3 

A/2  =  19.3x1  O’3 

The  linear  receiver  case  is  considered  first.  The  AM 
receiver  employed  the  following  filters.  The  RF  amplifier 
passband  was  centered  at  1  MHz  with  a  200  kHz 
bandwidth  while  the  IF  amplifier  passband  was  centered  at 
500  kHz  with  a  75  kHz  bandwidth.  Consequently,  the 
frequency  components  of  both  sd(t)  and  Sj(t)  fall  within  the 
passband  of  the  RF  amplifier.  However,  after  down 
conversion  by  a  mixer  with  a  local  oscillator  at  500  kHz, 
the  frequency  components  of  Sj(t)  fall  outside  the  IF 
amplifier  passband  while  those  of  sd(t)  fall  within.  Hence, 
the  interferer  is  removed  and  the  8.192  kHz  message  tone 
appears  undistorted  at  the  AM  demodulator  output.  This 
scenario  was  simulated  using  System  View  as  illustrated  in 
Figure  3. 


Figure  3.  SystemView  AM  Model 

The  nonlinear  receiver  case  is  considered  next. 
Everything  remained  the  same  except  for  a  zero-memory 
nonlinearity,  which  was  inserted  into  the  RF  amplifier.  The 
nonlinearity  was  characterized  by 

y  =  a,  x  +  a3  x3  (6) 

where 

at  =  3.162  and  a3  = -168.89. 

Because  of  the  presence  of  the  cubic  nonlinearity, 
many  different  intermodulation  components  are  generated 
at  the  RF  amplifier  output.  Analysis  reveals  that  the 
intermodulation  component  produced  at  (fci  -  3fmi)  = 
1.034816  MHz  is  the  dominant  interfering  component 
which  falls  within  the  demodulator  filter  bandwidth  of  35 
kHz.  This  mix  is  of  the  form  (2f,  -  f2)  where 

fl  =  fci  "  fmi  and  f2  =  fcl  +  fmi-  (7) 

Corresponding  to  a,  =  3.162,  the  linear  power  gain  of 
the  RF  amplifier  is 


with 
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G  =  10dB. 

Corresponding  to  a3  =  -168.89,  the  3rd-order 
intermodulation  coefficient  for  the  component  at  (fd  - 
3fm,)  is 

K3  =  82.9  dB. 

Utilizing  G  and  K3,  the  power  levels  at  the  RF 
amplifier  output  for  the  desired  frequency  component  at 
(fed  +  fmd)  and  the  interfering  frequency  component  at  (fd 
-  3fmi)  are  predicted  to  be  -52.2  dBm  and  -50  dBm, 
respectively.  This  is  clearly  an  interference  situation  that 
was  successfully  predicted  by  E3EXPERT/IEMCAP.  The 
distorted  demodulated  output,  as  predicted  by 
SystemView,  is  shown  in  Figure  3.  Note  that  this 
interference  could  be  eliminated  by  slightly  narrowing 
the  IF  amplifier  and  or  baseband  filter  bandwidths.  This 
type  of  mitigation  technique  is  being  included  in  the 
E3 EXPERT  knowledge/rule  base. 

7.2.  Direct  Sequence  Spread  Spectrum  Example 

As  is  well  known,  E3EXPERT  by  virtue  of  the 
modified  IEMCAP  computational  engine  predicts 
interference  based  upon  a  worst-case  approach. 
Accordingly,  given  an  interference  situation,  IEMCAP  is 
likely  to  predict  the  interference.  However,  because  of 
this  worst-case  approach,  IEMCAP  may  predict 
interference  in  a  situation  where,  in  fact,  there  is  no 
interference.  This  example  illustrates  how  the  detailed 
analysis  mode  and  SystemView  can  be  used  to  check 
whether  or  not  interference  actually  exists  in  such  cases. 

The  received  signal  at  the  input  to  a  DSSS  receiver 
consists  of  a  single  interfering  DSSS  signal  in  addition  to 
the  desired  DSSS  signal.  The  power  of  the  interfering 
signal  is  50  times  that  of  the  desired  signal  resulting  in  a 
signal-to-interference  ratio  of  -17  dB.  The  desired  DSSS 
signal  employed  a  chip  rate  of  2,000  chips/sec  and  a  bit 
rate  of  25  bits/sec.  Consequently,  the  processing  gain  of 
the  DSSS  system  for  the  desired  signal  is  19  dB.  The 
processing  gain  is  a  measure  of  the  antijam  capability 
assuming  a  narrowband  jammer.  For  this  example,  the 
jammer  is  not  narrowband  and  there  is  some  question 
as  to  whether  the  processing  gain  has  a  meaningful 
interpretation.  Nevertheless,  because  the  interferer  is  17 
dB  larger  than  the  desired  signal,  E3EXPERT  correctly 
flagged  an  interference  situation  using  the  new  DSSS 
signal  models  recently  incorporated  into  IEMCAP. 


frequency  was  offset  from  the  tuned  frequency  of  the  RF 
amplifier  by  1  kHz.  The  bandwidth  of  the  RF  amplifier  was 
20  kHz.  This  scenario  was  simulated  using  SystemView  as 
shown  in  Figure  4.  The  demodulated  data  bits  are  also 
shown  in  this  figure  along  with  the  original  message  data 
bits.  The  system  seems  to  experience  a  small  number  of 
errors  even  though  the  interference-to-signal  power  ratio  is 
less  than  the  processing  gain  of  the  system. 

8.  AUTOMATED  EMC  METHODOLOGY  RULES 
8.1  Post-Processing  Interference  Rejection 

The  knowledge  base  is  being  developed  to  contain 
rules  about  EMC  problem-solving  methods  and 
procedures  which  mimics  the  way  an  experienced  EMC 
engineer-analyst  performs  such  tasks.  This  ensures  that  a 
proper  analysis  "flow”  is  maintained  and  a  range  of 
alternative  interference  mitigation  techniques  can  be 
selected.  Rules  are  employed  to:  (a)  assist  in  generating 
valid  computational  models;  (b)  orchestrate  the  EMC 
analysis  procedures  to  compute  frequency-domain  transfer 
functions  and  interference  margins;  (c)  rank  results  in 
terms  of  severity  and  automatically  specify  an  initial  set  of 
corrective  measures  to  eliminate  EMI  in  the  frequency 
domain;  and  (d)  deduce  detailed  EMI  cancellation 
requirements.  The  expert  system  provides  corresponding 
information  to  the  analyst  in  order  to  work  out  a  solution 
and  to  select  one  or  more  suitable  interference  rejection 
schemes  from  a  library  of  predefined  techniques 
depending  on  the  type  of  problem,  the  severity  of 
predictions,  and  the  practicality  of  the  mitigation  solution. 
Mitigation  techniques  currently  considered  are:  swapping 
equipment  positions,  adjusting  frequencies  and/or  power 
levels  to  maintain  RF  links,  specifying  shielding 
requirements,  modifying  transmitter  modulation 
parameters,  time  blanking,  and  use  of  filters. 

9.  SUMMARY 

E3EXPERT  is  a  modeling  and  simulation  tool  which 
applies  a  knowledge-based  approach  to  electromagnetic 
interference  rejection  analysis.  Computer  simulation 
results  are  shown  which  clearly  demonstrate  its 
effectiveness  for  several  linear  and  nonlinear  interference 
scenarios  involving  a  collection  of  external  RF  transceivers 
mounted  on  a  complex  airborne  structure.  Research  and 
development  continues  on  behalf  of  testing  and  refining 
the  tool’s  capabilities  for  EMC  problem  solving. 
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Figure  4.  SystemView  DSSS  Model 

SystemView  was  used  to  simulate  the  system  in 
order  to  assess  the  severity  of  the  problem.  The  desired 
signal  carrier  frequency  was  equal  to  the  tuned 
frequency  of  the  RF  amplifier.  The  interfering  DSSS 
signal  employed  a  chip  rate  of  3,000  chips/sec  and  a  bit 
rate  of  25  bits/sec.  The  interfering  signal  carrier 
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The  problem  of  modeling  the  transient 
electromagnetic  wave  beam  scattering  on  a  limited 
object  located  nearby  the  interface  between  two  media 
is  described.  The  solution  to  the  problem  is  obtained  by 
means  of  the  Green's  function  for  corresponding 
boundary  problem  and  Fourier  transform  technique. 
The  object  surface  is  modelled  with  a  set  of  confined 
plane  sections  of  dielectric  halfspace.  The  analysis  of 
the  considered  direct  scattering  problem  gives  an 
opportunity  to  solve  the  problem  of  detection  and 
identification  of  the  objects  located  over  the  interface 
or  buried  into  the  dielectric  halfspace. 

1.  INTRODUCTION 

The  problem  of  object  detection  with  radar  exists 
both  in  the  case  of  object  location  over  the  earth  or  sea 
surface  and  in  the  case  when  we  wish  to  find  and 
recognize  the  object  buried  under  the  surface.  The 
improvement  of  radar  measurement  accuracy  as  well  as 
identification  problems  include  such  actual  questions  as 
the  need  to  account  for  limited  nature  of  existing 
electromagnetic  fields  in  space  and  time  resulting  in 
local  interaction  of  the  object  and  incident  field.  It  is 
important  to  take  into  account  the  influence  of  nearby 
interface  between  two  media  when  obtaining  some 
information  about  the  object. 

In  this  report,  the  problem  of  modeling  the  transient 
electromagnetic  wave  beam  scattering  on  a  localized 
object  located  near  the  interface  between  two  media  is 
described.  We  restrict  our  problem  with  consideration 
of  only  dielectric  objects  and  with  case  of  two- 
dimensional  transient  wave  beam. 

2.  STATEMENT  OF  THE  PROBLEM 

The  geometry  of  the  problem  for  two  cases  of  object 
location  regarding  to  the  interface  is  shown  in  Figure  1 . 

The  coordinate  system  Y,  Z  is  situated  in  such  way 
that  the  interface  between  two  media  is  coincided  with 
plane  z  =  0.  The  upper  medium  is  implied  to  be  the  free 
space  with  permittivity  e0,  while  the  lower  medium  is 
the  dielectric  halfspace  of  permittivity  e,.  A  dielectric 
object  of  permittivity  s2  is  situated  near  the  interface 
and  can  be  both  over  (Fig.  la)  and  under  it  (Fig.  lb). 


When  solving  the  problem,  we  model  the  object  surface 
with  a  set  of  plane  sections  in  such  way  that  the  object 
shape  is  well  approximated. 
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Figure  1 .  Arrangement  of  the  object  corresponding 
to  two  cases:  (a)  -  the  object  is  over  interface, 

(b)  -  the  object  is  under  interface. 

An  antenna  is  modeled  by  the  set  of  point  sources 
placed  at  the  plane  z,  =  0  of  coordinate  system  Y„  Z,. 
The  field  of  the  point  sources  represents  an  incident 
transient  wave  beam.  This  incident  field  can  be 
expressed  as  a  continuos  set  of  plane  time-harmonic 
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waves.  Some  part  of  spatial  components  of  the  field 
experienced  the  scattering  both  from  the  object  and 
from  the  surface.  After  multireflections,  the 
polarization  of  primary  field  may  be  changed.  Such 
particular  feature  obliges  determination  of  the  reflected 
field  of  both  polarization  on  every  surface  of  the 
reflector.  Thus  to  solve  the  problem  it  is  necessary  to 
consider  both  polarization  of  the  field  calculating  their 
mutual  transformation  at  the  reflector  surface. 


3.  THE  METHOD  OF  SOLUTION 

In  consideration  of  the  scattering  process,  we  will 
take  into  account  three  paths  of  wave  propagation.  The 
ray  1  is  connected  with  field  reflected  from  the 
interface  of  two  media.  The  ray  2  characterises  field 
directly  scattered  on  the  object.  And,  at  last,  the  ray  3 
we  connect  with  field  scattered  both  on  the  interface 
and  on  the  object.  The  total  scattered  field  is  the 
superposition  of  the  mentioned  fields  scattered  on  all 
plane  sections  approximating  the  object.  In  that  way, 
we  reduce  the  solution  of  the  stated  problem  to  the 
solution  of  the  scattering  problem  of  transient  wave 
beam  on  a  confined  section  of  dielectric  halfspace  that 
forms  an  arbitrary  angle  with  nearby  interface  of  two 
media  followed  by  summation  of  the  obtained  field 
according  to  the  geometry  of  particular  problem.  In 
order  to  account  for  transient  feature  of  the  incident 
field,  we  used  the  Fourier  transform  technique  to  obtain 
spectral  representation  of  the  field  at  the  plane  zt  =  0. 

The  method  of  solution  of  the  described  scattering 
problem  is  based  on  the  use  the  Green's  function.  It 
consists  of  four  stages. 

At  first  the  scattering  problem  of  wave  beam  with 
known  amplitude  and  phase  distributions  on  the 
dielectric  half-space  with  permittivity  e2  placed  at  y  =  L 
(surface  1)  is  considered  (Fig.  1).  The  incident  field  is 
produced  by  electric  dipoles  placed  at  the  plane  z,  -  0 
and  directed  normally  to  this  surface: 

00 

»i zt  =  dt 
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where  f(y\J)  is  a  distribution  function  of  the  dipoles 
density  given  at  the  plane  z,  =  0;  GB(y„  z„  t;  y'J  is  the 
Green's  function  which  in  considered  case  is 
determined  as  [1] 
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y01  =  COS0O1;  g(co)  is  the  spectral  representation  of 


the  field  at  the  plane  z,  =  0.  In  this  formulas  the  prime 
means  derivative  with  respect  to  y,  and  &0i  is  an 
incidence  angle  in  the  integral  representation  of  the 
field  of  the  point  source  in  the  boundary  problem 
solution 
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At  second  stage  the  scattering  problem  of  part  of 
incident  wave  beam  by  the  interface  at  z  =  0  (Fig.  1)  is 
solved.  The  source's  dipole  moments  are  oriented 
parallel  the  plane  z  =  0.  Along  with  u2li  component,  u2yi 
component  is  also  present  in  the  scattered  field  due  to 
four  boundary  conditions  for  Eyi,  Ezi,  Hyi  and  Hzi.  The 
Green's  functions  of  the  boundary  problem  for 
considered  orientation  of  electric  dipoles  were 
determined  in  [1],  The  perturbation  introduced  by  the 
edge  is  neglected. 

The  field  scattered  by  the  interface  is  defined  from 
the  Green's  theorem  by  substituting  the  corresponding 
Green's  functions  for  Hertz  components  u2zi  and  u2yi . 
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At  the  third  stage  the  solution  of  scattering  problem 
for  the  field  defined  in  stage  two  and  then  scattered  by 
the  surface  1  is  obtained. 

And  at  last  at  the  fourth  stage  the  scattering 
problem  of  summary  field  found  in  stages  one  and  three 
by  the  interface  is  solved.  In  that  way  we  obtained  the 
total  reflected  field  at  the  plane  y  =  0. 

Determination  of  space  distribution  of  the  field 
scattered  by  the  dielectric  surfaces  is  performed  by  the 
integration  over  considered  cross-section  of  product  of 
the  Green's  function  of  boundary  problem  and 
distribution  density  of  the  point  sources  for  each 
polarization. 


4.  DISCUSSION 

The  analysis  of  the  total  scattered  field  allows  to 
separate  in  it  individual  parts  corresponding  to  various 
reflected  rays  which  was  described  earlier.  It  is  possible 
due  to  the  time-limited  nature  of  the  incident  field  as 
well  as  due  to  the  space  locality  of  the  scattering  object. 
When  time  of  interaction  of  the  incident  field  and  the 
object  is  smaller  than  time  for  the  wave  scattered  on  the 
object  to  travel  to  the  interface  and  back,  it  is  possible 
also  to  separate  the  part  of  signal  corresponding  to  the 
interaction  of  the  incident  field  with  a  single  object.  At 
that,  we  obtain  the  scattering  characteristic  of  the  object 
without  the  nearby  interface. 

In  the  case  when  the  object  is  situated  over  the 
interface,  the  signal  reflected  from  the  object  will  come 
to  the  point  of  observation  first  of  all.  If  the  conditions 
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described  above  are  satisfied  then  we  obtain  the 
scattering  characteristic  of  the  single  object  making  use 
of  the  time  separation  of  the  observed  signals.  After  the 
signal  corresponding  to  the  field  scattered  from  the 
object,  the  signals  corresponding  to  the  field 
multireflected  between  the  object  and  the  interface  in 
that  or  another  sequence  are  follow. 

When  the  object  is  situated  under  the  interface,  the 
signal  reflected  from  the  interface  is  the  first  one.  In  the 
absence  of  the  object,  the  field  in  the  point  of 
observation  is  the  only  field  reflected  from  the 
interface.  The  signal  following  after  that  is  the  wave 
reflected  from  the  object  which  could  be  separated 
using  the  “time  window”.  Further  on,  as  in  the  previous 
case,  the  signals  corresponding  to  the  field 
multireflected  between  the  object  and  the  interface  will 
come  to  the  point  of  observation. 

Thus,  the  analysis  of  the  direct  scattering  problem 
gives  an  opportunity  to  solve  the  problem  of  detection 
and  identification  of  the  objects  located  nearby  the 
interface  of  two  media  (that  is  the  inverse  problem). 

The  process  of  measurement  of  scattering 
characteristics  of  objects  based  on  the  described 
solution  of  scattering  problem  was  modeled  for  several 
objects  of  simple  shape.  An  experiment  was  carried  out 
for  the  case  when  three  re-reflected  signals  are  taken 
into  account  which  show  good  agreement  of  theoretical 
and  experimental  data. 

5.  CONCLUSION 

The  problem  of  transient  electromagnetic  wave 
beam  scattering  on  a  limited  object  located  nearby  the 
interface  between  two  media  is  described.  The  proposed 
method  of  solution  allows  to  describe  many  geometries 
of  the  scattering  object.  It  also  gives  an  opportunity  to 
take  into  account  various  scattered  waves  depending  on 
the  strictness  of  the  problem  statement. 
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The  task  of  EMC  estimation  subject  to  capacity  of  a 
casual  noise  disturbance  and  sluggishness  of  object  -  by 
squaring  and  smoothing  is  considered.  It  is  shown  that 
distribution  low  of  the  casual  process  after  squaring 
and  smoothing  is  beta-distribution.  The  solution  of  the 
problem  is  illustrated  by  an  example  of  an  estimation  of 
permissible  voltage  unbalance. 

1  .PROBLEM  DEFINITION 

A  dynamic  EMC-model  of  an  object  usually 
includes  a  linear  filter,  a  squaring  and  smoothing  (SS) 
unit  and  a  statistical  analysis  unit:  for  example  the 
flickermeter  (IEC,  Publication  868,  1986).  The  filter 
simulates  reaction  y(t)  of  object  to  noise  disturbance, 
and  the  SS  unit  takes  into  account  the  fact  that  the 
consequences  of  EMC  infringement  depend  on  capacity 
of  reaction  and  sluggishness  of  object.  We  will 
conditionally  refer  to  the  ordinates  of  process  vP7-(/) 
after  SS  as  doses  (by  analogy  to  a  dose  of  flicker).  The 
relation  between  the  processes  before  and  after  SS  is 
described  by  the  differential  equation 

m”T+'VT=y2  (1) 

where  T  is  the  time  constant  of  the  sluggishness  of  the 
object. 

The  heart  of  the  problem  is  definition  of  density  of 
distribution  /(NPj-)  or  distribution  function  p( 4/7-), 
based  on  which  the  peak  value  vF-/max  of  the  dose  is 
calculated  (excess  of  lPVmax  is  possible  with  the  given 
probability^).  The  right  part  of  the  equation  is 
generally  nonlinear,  therefore  the  exact  solution  only 
exists  for  the  special  case  of  a  telegraph  signal.  The 
approximate  solution  in  expanded  form  of  Edgeworth 
series  is  known,  but  the  necessary  initial  information  is 
inaccessible  in  practice. 

The  statistical  solution  of  the  SS  problem  by 
methods  of  simulation  (synthetic  sampling)  is  given  in 
this  report.  For  brevity  the  elementaiy  EMC-model 
without  the  filter,  when  y  =  x  is  considered.  Such  a 
model  is  applied  to  estimate  an  additional  overheating  of 


objects  from  non-sinusoidal  and  unbalanced  voltage.  In 
these  cases  the  acceptable  continuous  value  [y]  of  the 
noise  disturbance  is  standardised,  and  purpose  of  the 
study  is  determination  of  "an  inertial 

maximum"  yrmax  =y'F7  max  .  The  requirement  of 
EMC  is  that  yTmax  <\y\. 

Estimated  value  of  the  dose  is  calculated  on  the 
acceptable  probability  Ex  of  its  excess  by  the  solving  of 
the  equation 

max  )=!-£*■  (2) 

In  the  standard  of  the  quality  of  the  electric  power  in  the 
countries  of  Commonwealth  of  Independent  States,  a 
value  Ex  =  0,05  is  accepted.  Since  objects  with 
different  time  constant  of  sluggishness  can  be  connected 
to  electric  power  supply  network,  a  dependence  of 
inertial  maximum  on  T  should  be  generally  obtained. 

2.  SIMULATION  OF  THE  DOSE 

There  are  various  methods  for  simulation  of  casual 
processes.  In  systems  of  power  supply,  which  carry 
group  of  noise  disturbance  sources,  it  is  expedient  to  use 
summation  of  individual  noise  disturbances  with  casual 
shifts.  When  realisations  follow  the  law  of  normal 
distribution,  each  realisation  y(t)  is  formed  by  sum  of  a 
large  number  of  n  "elementary"  processes 
(  n  =  1 00  *  1 000 )  of  the  simple  form.  The  elementary 
process  has  a  mean  value  equal  to  zero  and  correlation 
function  (KF)  n  times  smaller  than  the  desired  KF 
ky{z)  of  the  simulated  process.  The  mean  value  y  of  a 

process  y(t)  is  added  to  y{t)  after  summation  of 
elementary  processes  and  before  the  operation  of 
squaring. 

To  determine  the  statistical  solutions,  it  is 
necessary  to  simulate  an  ensemble  of  a  large  number  N 
of  realisations  of  process  y{t).  Fig.  1  shows  a  sample  of 
5  of  N  =  500  realisations  of  normal  process  of 
negative  sequence  voltage  changes  with  mean  value 
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y  =  1,6% ,  standard  deviation  oy  —  0,5%  and 
exponential  correlation  function  having  time  of 
correlation  xK  =  5c . 

Each  realisation  y(t)  -is  squared,  and  the 
corresponding  realisations  of  doses  are  calculated  using 
Duamel  integral: 

1  0 

=  J(1  -e^T)[y2{t-^  (3) 

0 

where  £  is  integration  variable. 

In  practice,  a  transient  comes  to  the  end  during  the 
time  tp=( 5  -  6)T  .  When,  due  to  nature  of  the  task,  it 
is  enough  to  compute  only  a  distribution  function, 


simulation  stops  at  t  =  tp .  If,  in  addition,  it  is  necessary 

to  calculate  KF  of  doses  over  the  range  of  argument 
from  0  to  Tmax ,  then  the  time  of  simulation  is  equal  to 
tp  +  Tmax.  In  Fig.  lb,  five  realisations  of  doses  are 
shown  at  T  =  1 0  S .  Realisations  of  doses  correspond  to 
realisations  in  Fig.  la. 

As  simulation  methods  provide  new  knowledge,  the 
requirements  for  the  quality  of  simulation  must  be 
greater  than  for  processing  experimental  data.  It  is  also 
necessary  to  take  into  account,  that  the  operation  of 
squaring  increases  an  error  Therefore,  in  addition  to 
checking  the  fidelity  of  reproduction  of  distribution 
function  and  KF  of  process  >"(/),  it  is  necessary  to 
check  reproduction  of  distribution  function  of  process 
y2{t),  which  can  be  determined  analytically  from 
f(y)  or  F(y) .  The  additional  check  at  T  =  0  ensures 
quality  of  simulation  of  doses  at  T  >  0 ,  as  the 
smoothing  reduces  the  error. 


0  10  20  30  40  50 


Figure  1 . 


3.  STATISTICAL  DECISION 

The  desired  laws  of  statistical  distribution  are  found 
from  the  corresponding  cross-section  of  the  ensemble  of 
realisations  Under  stationary  conditions,  it  is  sufficient 
to  consider  only  one  cross-section  (circles  in  Fig.  1  b). 


Only  the  mean  value  of  a  dose  is  known  a  priori: 

^(0  =  (y2  +crj)( \-e~tlT).  (4) 

Based  on  ensemble  of  realisations,  it  is  possible  to 
calculate  the  distribution  moment  coefficients  of  any 
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order  as  well  as  to  select  approximation  by  multi- 
parametrical  Jonson’s  or  Pirson’s  formulas.  However 
the  accuracy  of  definition  of  the  moment  coefficients  for 
orders  higher  than  two  is  poor.  Therefore  it  is  necessary 
to  limit  the  calculation  of  the  standard  deviations  of 
doses  Oj-  and  to  select  two-parametrical  approximation 
law.  Generally,  the  range  (T7m ,  TrA7  )of  possible 
values  of  doses  is  finite.  The  numerous  simulations 
showed  that  it  is  possible  to  accept  for  approximation 
beta-distribution  with  parameters  expressed  through 
quantities  *¥  and  cy  by  the  formulas: 

y  =  c(T-'Frm)/x,  n  =  *('Fw-Y)/x  (5) 

where  %  =  V TM  ~  ^Tm . 
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Distribution  density  of  doses  is: 


/fcr)=  j/l/w  ~  ^  )r~* 

ic  r(y)r(i]) 

xt'*'™  -fj -r1 


<«) 


where  r(j)  -  gamma-  function  . 

For  a  telegraphic  signal  with  impulse  value  of  ±  B 
and  the  same  central  tendencies  of  duration  (r|=f2), 
equation  (6)  coincides  with  the  known  solution, 
provided  that  lF7m  =  -B ,  X¥TM  =  B,  %  =  2B  . 
However  there  is  no  analytical  solution  at  *  t2  ■  Fig.  2 
shows  statistical  density  of  distribution  (curve  1)  and 
curve  2,  calculated  on  the  formula  (6)  for  /j/t2  =0,7 
and  a  T  =  4,8 . 

In  this  specific  case  of  the  normal  distribution  of 
the  reaction,  the  doses  are  confined  only  by  lower  limit 
xVfm  =  0 .  In  addition  to  the  average  mean  value,  the 
standard  deviation  of  doses  is  also  known  in  this  case. 
For  example,  for  exponential  KF 


4  y2a2 
l+2ar  1+a T 


Here  it  is  possible  to  use  gamma-distribution  with 
parameters  s-W2/aj-,  A,  =  T/a7  and  distribution 
density 


/&t)= 


rW 


(7) 


Statistical  and  theoretical  distribution  functions 
(curves  1  and  2)  are  shown  in  Fig.  3  for  an  example  of 
the  negative  sequence  voltage.  In  Fig.  4,  the  satisfaction 
of  the  EMC  requirement  on  permissible  value  [y]=  2% 
is  checked:  the  same  noise  disturbance  is  inadmissible 
for  objects  with  small  inertia  (crosshatched  region), 
while  it  is  admissible  for  the  objects  with  large  inertia. 
Neglecting  sluggishness  results  in  overestimating  the 
requirements  to  EMC. 


dose(%2) 

Figure  3. 

In  the  practical  applications,  the  number  of  terms 
in  Edgeworth  series  is  limited  to  3-4.  Indeed,  due  to  lack 
of  information  about  the  distribution  moment 
coefficients  with  the  orders  higher  than  three,  an 
uncontrollable  error  and,  in  some  cases,  senseless  results 
(negative  value  for  the  doses  or  ordinates  of  distribution 
density)  occur.  Thus  we  do  not  recommend  using 
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Edgeworth  series  for  the  approached  solution  of  an  SS- 
problem. 

It  is  known  that  the  linear  inertial  systems 
normalise  processes.  The  methods  of  simulation  enable 
determination  of  the  minimal  value  of  time  constant  T , 
at  which  a  hypothesis  about  normal  distribution  of  doses 
can  be  accepted.  In  many  cases  it  is  only  acceptable  at 
very  large  values  of  T  ,  at  which  the  maximum  and  the 
mean  value  of  a  dose  are  become  indistinguishable. 


Figure  4. 


4.  CONCLUSIONS 

For  the  solution  of  the  SS-problem,  it  is  necessary 
to  use  methods  of  simulation  of  casual  processes  as  an 
ensemble  of  realisations. 

Generally,  it  is  expedient  to  apply  beta-distribution 
as  an  approximation  of  the  statistical  distribution  laws 
for  doses. 

For  the  normally  distributed  reactions,  acceptance 
of  the  hypothesis  about  gamma-distribution  of  doses 
gives  the  analytical  solution. 

The  application  of  of  Edgeworth  series  and 
hypothesis  about  normal  distribution  of  doses  is  not 
recommended. 
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This  paper  describes  an  analysis  of  double  layer  shields 
at  low  frequencies  by  mixed  finite  and  boundary  ele¬ 
ment  method  in  the  case  where  material  parameters  de¬ 
pends  spatially  from  co-ordinates. 

1.  INTRODUCTION 

Double-layer  shields  in  the  last  years  have  received 
attention  in  magnetic  shielding  of  devices  al  low  fre¬ 
quencies.  Both  theoretical  and  experimental  papers  were 
published  in  this  topic.  It  was  proved  that  such  shields 
could  be  optimal  when  thickness  of  these  two  layers  has 
some  prescribed  thickness  ratiofl].  This  means  that  for 
optimal  shielding  the  reduced  field  has  a  lowest  value 
compared  with  any  other  material  thickness  combina¬ 
tion. 

Most  of  the  previous  works  was  done  with  the 
assumption  that  all  layers  were  made  of  materials,  which 
are  linear,  isotropic  and  homogeneous  [6],  This  is  a  fre¬ 
quent  case.  However,  there  are  cases  when  we  need  to 
analyse  shields  produced  from  inhomogeneous  materi¬ 
als,  that  is  materials  which  conductivities  depend  spa¬ 
tially  from  co-ordinates.  Such  case  is  considered  in  this 
paper. 

In  such  problems,  generally  it  is  impossible  to  ana¬ 
lyse  shielding  defectiveness  using  analytical  methods. 
The  reason  is  that  associated  partial  differential  equa¬ 
tions  describing  electromagnetic  fields  in  these  cases  are 
inhomogeneous  and  generally  for  any  prescribed  vales 
of  cr  and  p  are  very  difficult  to  solve  analytically  [2], 
The  only  approach  is  throughout  numerical  simulation. 

In  such  situation,  generally  two  methods  are  used:  fi¬ 
nite  element  method  and  boundary  element  method.  The 
first  of  these  methods  has  ability  to  easy  treat  inhomo¬ 
geneous  materials  but  has  also  some  disadvantages.  The 
main  disadvantage  is  that  one  needs  to  divide  on  finite 
elements  the  domain  where  we  do  not  want  to  calculate 
the  field.  This  unnecessarily  increases  a  number  of  un¬ 
knowns  in  resulting  system  of  equations  [5], 


The  boundary  clement  method  (BEM)  on  the  other 
hand  is  recognised  in  electromagnetic  field  computa¬ 
tions  as  a  powerful  alternative  to  the  finite  element 
method.  Design  engineers  have  noticed  that  with  the 
continuing  increasing  in  computer  power,  the  major  part 
of  the  overall  cost  of  performing  a  numerical  analysis  is 
the  preparation  of  the  data  describing  the  problem.  In 
contrary  to  FEM,  when  using  boundary  elements  the 
only  part  of  the  problem  geometry  that  requires  discreti¬ 
sation  are  boundary  surfaces.  Thus,  boundary  element 
discretisation  is  always  one  dimension  less  then  the  di¬ 
mension  of  the  analysed  problem.  Unfortunately,  BEM 
has  serious  problems  with  treating  inhomogeneous  mate¬ 
rials.  So  the  logical  conclusion  is  to  use  both  of  them 
simultaneously:  finite  element  method  to  discretize  the 
inhomogeneous  material  domains  and  boundary  element 
method  to  calculate  the  field  outside  material,  that  is  in 
the  air,  which  is  always  homogeneous  [3,5], 

This  paper  extents  the  previous  results  on  the  dou¬ 
ble-layer  shielding  to  the  cases  where  material  constants 
depend  spatially  from  co-ordinates  and  uses  numerical 
approach  based  on  combined  finite  element  and  bound¬ 
ary  element  approach. 

2.  THEORETICAL  BACKGROUND 

At  low  frequency  shielding  is  one  of  effective  ap¬ 
proach  against  electromagnetic  field  interference.  Re¬ 
cently,  magnetic  shielding  is  being  considered  as  an 
promising  alternative  approach  in  a  device  design  at 
power  frequencies.  Successful  application  of  magnetic 
shielding  can  be  found  in  some  scientific  papers  [1,6].  In 
resent  years  double  year  shields  are  one  that  drown  at¬ 
tention  of  many  device  designers.  Usually  it  is  assumed 
linear,  isotropic  and  homogenous  material  properties. 
This  is  indeed  a  frequent  case.  But  in  many  cases  the 
material  the  shielding  layers  are  made  are  in¬ 
homogeneous.  This  can  be  caused  by  manufacturing  fac¬ 
tors  or  even  introduced  intentionally.  One  can  suspected 
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that  spatial  non-linear  dependence  of  conductivities  in 
cylindrical  shields  can  makes  shielding  even  more  effec¬ 
tive.  Therefore  numerical  methods  of  calculation  of 
electromagnetic  shielding  effects  are  of  great  impor¬ 
tance.  One  of  the  most  promising  method  is  combined 
finite  element  and  boundary  element  (FEM-BEM) 
method.  In  this  paper  this  method  will  be  applied  to  cal¬ 
culation  of  shielding  effectiveness  of  cylindrical  double 
layer  magnetic  shield. 

Figure  1  shows  the  multiply  connected  eddy  current 
problem  investigated  in  this  paper.  It  is  assumed  that 
eddy  currents  are  present  only  in  region  Qe,  where  con¬ 
ductivity  and  permeability  are  assumed  to  be  dependent 
from  spatial  coordinates.  Region  Qq  is  a  free  space  re¬ 
gion  (air  region)  with  given  current  density  J,  which  is 
considered  as  given.  In  finite  element  region  EL  both 
permeability  fie  and  conductivity  ae  can  depend  from 
spatial  coordinates.  The  boundary  element  region  can 
contain  only  linear,  isotropic  and  homogeneous  materi¬ 
als.  In  the  case  when  for  some  part  of  the  boundary  Te 
the  filed  doesn’t  extends  beyond  this  boundary,  this  part 
doesn’t  need  to  contact  with  boundary  element  region. 
In  the  other  cases,  the  BE-region  should  surround  the 
FE-region.  It  is  assumed,  that  current  excitation  is 
placed  in  air  BE-region.  The  electromagnetic  phenom¬ 
ena  can  be  described  in  terms  of  electric  field  E  and 
magnetic  field  H  which  are  intimately  related  to  the 
electric  and  magnetic  flux  densities  D  and  B.  The  other 
choice  it  to  use  magnetic  vector  potential  A  end  electric 
scalar  potential  (p. 


Figl.  FEM  and  BEM  regions  for  hybrid  FE-BE  solution  of 
open  boundary  electromagnetic  quasi  static  problem. 


From  Maxwell’s  equations,  neglecting  the  displace¬ 
ment  current,  the  fundamental  equation  for  eddy  current 
problem  may  be  describe  as  follows  [3]: 


Both  of  these  equation  have  to  fulfil  adequate  boundary 
conditions,  if  it  is  necessary.  In  derivation  of  these  equa¬ 
tion  it  was  assumed  that 

B  =  Vx  A  (3) 


(4) 

ot 

In  sinusoidal  steady  state  we  can  define  following  com¬ 
plex  amplitudes  [2]: 

A  =  Re  [AeiM }  <p  =  Re[>  eJa'  ]  (5) 


where  A  and  <p  are  complex  amplitudes 

A  =  Ar  +  jAi  =  Ae*A  (p  -  (psew"  (6) 

In  this  case  equations  (1)  and  (2)  will  have  following 
form: 


Vx 


f  1  ' 

— Vx4 

Wc 


+  j(0(TcA  +  creV  (p  =  0 


(7) 


V-(j(oA+'V<p)  =  0  (8) 


3.  FINITE  ELEMENT  FORMULATION 


In  FEM-BEM  model  where  boundary  elements  are 
superimposed  on  Fe,  the  scalar  potential  <p  is  essential  to 
maintain  the  continuity  between  regions  of  different  con¬ 
ductivity.  In  order  to  avoid  ambiguity  in  definition  of  the 
magnetic  vector  potential  A,  the  Coulomb  gauge  V<4=0 


should  be  imposed  and  the  term  -V^-i-V-Aj  should  be 
inserted  into  equation  (7): 


Vx 


^—VxA 

A, 


+  jmucA  -  V 


A 


-V-A 


+  cr,Vp  =  0  (9) 


Unfortunately,  when  we  discretize  (9)  and  (8),  the 
overall  system  matrix,  which  corresponds  to  FE  part  of 
the  problem,  is  non-symmetric.  Authors  in  [3]  have  pro¬ 
posed  a  variable  transformation  from  (p  to  <pl,  which 
makes  resulting  matrix  symmetric: 


(10) 


Vx 


-Vx  A 


8A  „  A 
+  (?„—+ cry  <p  =  0 
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V(v?0+V['^'|=o 


(1) 


(2) 


Thus  the  final  set  of  symmetric  equation  is: 


Vx 


f  1  ^ 

—VxA 
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+  jcoacA  ■ 


-V-A  |  +  jcoo-y<p'  =  0 
,t*e 


(ii) 
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V  •  ( jcoA  +  jcoVip')  =  0 


(12) 


The  usual  Galerkin  weighted  residual  method  is  applied 
to  the  above  equations  [5],  which  gives: 


f  VAT  x  —  x  A 
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+  jojaN'A  + 


+ — ’VNIV-A  +  jct)<jN.'V<p' 
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>  L  Uc,  ) 
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d  r  =  o 


(13) 


£  J  dVNt  •  ( jcoA  +  V(p')dn  - 
1  N 04) 

aNl(jo)A  +  S/<p')dT  =  0 

1  r„ 

where  N,  are  shape  functions  for  given  problem,  Qel  are 
finite  elements,  Nfe  is  a  number  of  finite  elements,  re/  are 
boundary  elements,  Nbe  is  a  number  of  boundary  ele¬ 
ments  and  n  is  unit  normal  vector  to  the  boundary  T  at 
given  point. 

4.  BOUNDARY  ELEMENT  FORMULATION 

The  boundary  element  method  is  applied  to  current  car¬ 
rying  region  with  <j=  0  and  p  =  //0.  It  can  be  shown,  that 
in  this  region  the  electromagnetic  field  is  given  by  rela¬ 
tion 


VxVx/l  =  /r0J  (15) 

and  can  be  described  only  by  vector  potential  A  alone. 
The  vector  J  is  an  exiting  current  density.  Utilising  also 
in  this  case  the  weighted  residual  approach,  we  get  the 
integral  equation,  which  is  the  starting  point  in  deriva¬ 
tion  of  boundary  integral  equation  for  the  air  region: 

J(VxVx/l)GJO  =  J//0J-Gc/n  (16) 

n  n 

where  G  is  weighting  function  which  in  this  case  can  be 
assumed  as  equal 


G  =  Ga  (17) 

where  a  is  any  unit  constant  vector  and  G  is  a  Green’s 
function  defined  by  the  following  partial  differential 
equation: 


V2G(r,r')  =  -<5(r-r')  (18) 

Thus,  G(r,r')  is  the  free  space  Green’s  function  of  the 
Laplace  equation  (18)  and  for  two  dimensional  problems 
has  for  2D  the  value 


G(r,r')  =  -^-lnjr-r’l 


and  for  3D  problems 


G(r,r')  = 


I 

4/rJr-r'l 


(19) 


(20) 


where  r  and  r'  are  observation  point  and  source  point, 
respectively.  In  order  to  transform  (16)  to  into  boundary 
integral  equation  we  have  to  use  vector  form  of  the  sec¬ 
ond  Green’s  identity  [2],  Thus  we  have: 

Jv4-(Vx  VxG)rfQ  + 

"  (21) 
+  J(/fxVxG-GxVx/4)i/r  =  j'  //0JGdQ 

r  n 


The  first  integral  in  the  above  equation  can  be  further 
transformed  to  the  form  using  Gauss  theorem: 

J/fVxVxCa^  =  a|VG(/ln)ir  (22) 

n  r 

and  both  surface  integrals  in  (21)  can  be  written  as 

J(y4xVxG-GxVxy4)c/T  = 

f  (23) 

=  aJ[(nxy4)xVG  +  (nxVx/4)G]</T 

r 

After  substitution  the  above  both  relations  to  (21)  and 
using  definition  of  Green’s  function  in  free  space 

VJG(r,r')  =  -d(r-r')  (24) 


we  finally  get  the  boundary  integral  equation  in  free 
space  as: 

c,4  -  Jg[(V  x  ,1)  x  n]rfT  -  J  VG  x  (n  x  ,4)  </T 

f  r  (25) 

- 1 VG  (/I  •  n )  rfT  =  J  fj0JGdQ 

r  n 

Ci  -  c,(r,)  is  a  constant  determined  from  the  Cauchy’s 
principal  value  integration  of  the  Geem’s  function 
singularity  [8]  and  r,  is  a  collocation  point  and  depends 
only  on  problem  geometry. 

Equations  (13),  (14)  and  (25)  can  now  be  coupled 
together,  because  the  term  (Vx^)xn  is  present  in  both 
equations  and  thus  making  possible  the  linking  process 
between  the  FEM  and  BEM  easy.  The  discretization  of 
(13),  (14)  and  (25)  can  be  done  in  standard  way  and  will 
be  not  described  here  [7]. 

After  discretization,  integrating  and  linking  a  system 
matrix  equation  is  solved  for  variables  A  and  q>'.  Induc¬ 
tion  vector  B  can  be  calculated  as  B  =  Vx  A  as  follows: 
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B  =  -J[nx(Vx/4)xVG]rfr- 

r  ,  (26) 

-  J  [n  •  ( V  x  /!)]  •  VGrfT+J//0J  x  VGdCl 

r  n 

This  is  an  extension  of  Biot-Savart’s  law  to  an  air  region 
bounded  by  a  surface  T. 

5.  AN  ILLUSTRATIVE  EXAMPLE 

To  demonstrate  the  capability  of  the  method  an  ex¬ 
ample  of  a  cylindrical  shielding  structure  is  considered. 
Two  metallic  cylindrical  shields  with  a  source  conductor 
located  inside  together  with  dimensions  are  shown  in 
Fig.  2.  The  inner  layer  is  made  from  aluminium  and  ex¬ 
ternal  layer  from  iron.  The  current  carrying  inner  strand 
is  assumed  to  be  laminated  and  not  exhibits  eddy  current 
induction  properties. 


-  in  aluminium  layer: 


cr  =3.4-106-i 


=  1 00/y„ 


-  in  iron  layer: 


cr  =1.6-10' 


-4(*2+/)r- 

r2  v  'Lm 


A  =  /A, 


The  current  density  in  source  cylinder  has  a  value: 


J  =  10000 


The  frequency  in  numerical  experiments  was 
changed  from  10  [Hz]  to  10000[Hz].  First  the  conduct¬ 
ing  eddy  current  region  was  divided  into  669  finite  ele¬ 
ments  with  together  2592  nodes  and  boundary  of  this 
region  into  168  quadratic  elements. 


■  1  1  1  1  1  I  1  1  11  I  ■'  1  ■  rpT"  P  1  rTl  1  i  i  1  |  i  "  1  |  ■  1  "  | 

-0.4  -0.3  -0.2  -0.1  0.0  0.1  0.2  0.3  0.4 

Fig3.  Conducting  eddy  current  domain  is  divided  into  finite 
elements  and  its  boundary  into  boundary  elements. 


The  inhomogeneous  material  conductivities  and  perme- 
abilitis  in  conducting  regions  are  given  by: 


Fig4.  Plot  of  the  modulus  of  the  magnetic  vector  potential 
along  cable  radius  in  conducting  region  at  50[Hz], 


Fig5.  Plot  of  the  real  part  of  the  induction  vector  along  cable 
radius  in  conducting  region  at /=  50[Hz]. 
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Fig6. .  Plot  of  the  imaginary  part  of  the  induction  vector  along 
cable  radius  in  conducting  region  50[HzJ. 


Fig7. .  Plot  of  the  modulus  of  the  induction  vector  in  region 
outside  of  double  layer  shield  for  frequency  50[Hz]. 


Fig8.  Plot  of  the  shielding  effectiveness  at  point  P  (see  Fig.2) 
in  terms  of  frequency. 


6.  CONCLUSIONS 

A  inhomogeneous  double  layer  shield  was  studied  in 
this  paper.  It  was  shown  that  combined  FEM-BEM 
method  is  very  effective  in  calculation  of  electromag¬ 
netic  field  distribution  in  devices  with  inhomogeneous 
distribution  of  material  properties.  This  method  gives 
the  lower  number  of  degrees  of  freedom  because  it 
needs  to  discretize  only  conductive  eddy  current  region. 

In  an  example  it  was  examined  the  dependency  of 
shielding  effectiveness  in  relation  to  exciting  frequency. 
The  shielding  effectiveness  is  here  defined  as  a  ratio  of 
modulus  of  induction  of  the  vector  \B\  with  double  layer 
being  present,  to  modulus  of  induction  vector  without 
any  shield,  in  vicinity  of  the  cable.  In  Fig.2  it  is  a  point 
P  placed  at  distance  a/  =  0.000  l[m]  outside  from  it. 

Looking  at  Fig.8  one  can  see  that  in  frequency  range 
from  50[HZ]  to  100[Hz]  we  have  first  minimum.  This 
means  that  for  these  frequencies  the  shielding  effective¬ 
ness  takes  the  lower  values.  This  can  be,  probably,  ex¬ 
plained  throughout  existence  of  resonant  frequency  be¬ 
tween  the  inner  strand  and  outer  shielding  layers. 
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The  aim  of  the  present  paper  is  to  outline  and 
illustrate  possible  ways  to  practically  implement  the 
technique  for  tentative  prediction  of  signals  ensem¬ 
ble  dynamic  range  at  the  receiver  input  in  cellular 
networks.  To  illustrate  the  practicability  of  this 
technique  the  results  of  its  utilization  for  prediction 
of  reception  conditions  in  FDMA,  TDMA  and  CDMA 
networks  are  presented  as  well  as  the  results  of  its 
comparison  to  the  technique  based  on  theoretical 
probabilistic  evaluation  of  sample  range  of  signal 
levels  at  the  reception  point. 

INTRODUCTION 

Intensive  development  of  radiocommunication 
systems  made  modern  urban  radio  environment 
substantially  more  complex.  Rational  frequency 
planning  of  this  systems  as  well  as  shrinking  of  ceil 
sizes  along  with  the  base  station  transmitter  power 
decrease  to  several  watts/channel  or  less  makes  it 
possible  to  substantially  lower  the  probability  of 
mutual  interference  on  the  main,  adjacent  and  spu¬ 
rious  receive  channels.  Under  these  conditions, 
however,  we  have  to  reckon  with  the  probability 
that  there  are  comparatively  strong  signals  from 
the  nearest  mobile  stations  present  at  the  mobile  or 
base  station: 


INITIAL  MODELS  AND  DEFINITIONS 


1.  As  the  radio  environment  parameter  which 
characterizes  the  strong  signals  at  the  receiver  in¬ 
put  we  use  the  value  of  the  dynamic  range  D  of  the 
ensemble  N  of  input  signals: 


Dn  =^- 


n 


max 


n. 


E 


max 


F  • 


d2e, 


(1) 


D  =  l0lgDP  =  20  lgDE. 

This  expression  contains  the  following  terms: 

♦  power  characteristics  of  the  predominant  input 
signal  -  the  power  flux  density  nmax  and  the  field 
strength  Emax  of  the  predominant  field  at  the  point 
of  receiving  antenna  location;  the  power  Pmax  of 
this  signal  at  the  receiving  antenna  output; 

♦  the  values  nmln,  Em,n  of  the  receiver  sensitivity 
limit  "over  the  field"  and  the  receiver  antenna  input 
sensitivity  value  P0  of  the  in  power  measurement 
units. 

2.  As  the  radiowave  propagation  model  we  use  the 
well-known  hyperbolical  approximation  of  the  elec¬ 
tromagnetic  field  power  flux  density  /7  on  the  dis¬ 
tance  R  to  its  emitter: 


♦  signals  whose  frequencies  does  not  coincide 
with  the  receiving  frequency  but  can  cause  com¬ 
munication  quality  deterioration  due  to  nonlinear 
effects  in  the  receiver:  intermodulation,  blocking, 
cross  modulation  and  local  oscillator  voltage  noise 
conversion; 

♦  signals  whose  frequencies  coincide  with  the  re¬ 
ceiving  frequency  of  the  weak  signal  from  a  distant 
mobile  station  (for  example,  if  CDMA  or  TDMA  ra¬ 
dio  interface  standards  are  employed),  which  may 
cause  the  radio  signal  amplification/conversion 
path  to  be  overloaded  and  thus  introduce  the  re¬ 
quirement  for  provision  of  a  wide  power  adjustment 
range  (where  this  procedure  exists  at  the  system 
level)  when  communication  with  the  nearest  mobile 
stations  is  taking  place. 

This  paper  is  aimed  at  development  of  a  viable 
technique  for  probability  evaluation  of  strong  input 
signals  under  conditions  of  reception  in  space- 
scattered  radiocommunication  networks,  particu¬ 
larly  high-capacity  cellular  or  trunking  networks. 


n  =  C  v  Petr  f R  v ,  Petr  =  GaPtr,  Cv=const,  (2) 

where  P etr~  the  equivalent  isotropic  radiated  power 
(EIRP),  Ptr-  the  power  fed  to  the  emitter  antenna; 
Ga  -  the  antenna  gain,  Cv  -  the  constant  (v=2  for 
free  space  propagation,  v=4  may  be  used  in  some 
cases  (for  radiowave  propagation  with  interference 
of  direct  and  reflected  rays  in  the  far  zone  for  the 
VHF  range  and  the  lower  part  of  the  UHF  as  well 
as  in  cases  when  propagation  path  shadowing  by 
urban  buildings,  structures  and  foliage  is  initially 
taken  into  account  [1,2],  v=2-r12  when  the 
"regressive"  in-building  propagation  model  [3,4]  for 
the  UHF  range  is  used). 

3.  As  the  receiver  parameter  which  characterizes 
the  receiver  susceptibility  to  influence  of  strong 
signals  outside  the  receiver  (operating)  bandwidth 
we  use  the  value  of  the  interference  effects  free  in¬ 
put  dynamic  range  of  receiver  [5]: 

A'n  =  ^max/Po  e  { >  A&  >  Arm > Awrni > ^imn>  } >  (3) 
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where  P0  is  the  lower  signal  power  limit  of  a  re¬ 
ceiver  antenna  input  sensitivity;  Pmax  may  be  de¬ 
fined  using,  particularly,  the  intermodulation  crite- 
rium  for  determining  the  intermodulation  free  dy¬ 
namic  range  Dlm  of  the  receiver,  the  desensitization 
criterium  for  determining  the  desensitization  free 
dynamic  range  Dds  of  the  receiver,  the  cross 
modulation  criterium  for  determining  the  cross 
modulation  free  dynamic  range  Dcm  of  the  receiver, 
and  the  respective  criteria  for  determining  the  local 
oscillator  noise  mixering  free  dynamic  range  Donm, 
the  intermediate  frequency  paths  interference  free 
dynamic  range  D,nm  or  the  border  frequency  paths 
interference  free  dynamic  range  Db  of  the  receiver. 

4.  The  area  of  the  radius  Rmax=(CvPat/nn,ln)1/v 
around  the  location  point  of  the  victim  receiver  with 
the  sensitivity  limit  /7m/„  shall  be  considered  as  the 
spatial  area  of  potential  interfering  interaction  of  ra¬ 
diotransmitters.  Spatial  arrangement  of  emitters 
within  this  area  shall  be  characterized  by  the  aver¬ 
age  spatial  emitter  density  function  of  coordinates; 
the  function  p(a,0,R)  in  spherical  coordinates  for 
three-dimensional  emitters  arrangement  or  p(a,R) 
in  polar  coordinates  for  two-dimensional  emitters 
arrangement;  here  a, 6  are  the  azimuth  and  eleva¬ 
tion  angles  of  the  signal  arrival  direction;  R  is  the 
distance  from  the  center  of  the  area.  We  shall  con¬ 
sider  the  functions  p(a,R)  and  p(a,0,R)  as  slowly 
varying  functions;  thus  the  spatial  density  of  emit¬ 
ters  in  the  vicinity  of  the  receiver  location  point 
which  corresponds  to  the  zero  of  coordinate  sys¬ 
tem  may  be  assumed  as  constant.  In  the  general 
case,  we  shall  assume  p=const  for  the  m- 
dimensional  vicinity  of  the  receiver. 

5.  As  the  model  of  probabilistic  character  of  spatial 
distribution  of  emitters  in  the  vicinity  of  he  radio  re¬ 
ceiver  we  shall  use  the  known  Poisson  model  of 
random  distribution  of  points  in  space: 

Pk(MAy)=£jj-exp(-NAV),  (4) 

where  p*(NAV)  is  the  probability  that  exactly  k  point 
emitters  will  fall  into  a  certain  element  of  space  AV 
if  the  average  number  of  emitters  within  this  ele¬ 
ment  is  equal  to  NAV. 

6.  At  the  initial  stage  of  analysis  we  shall  assume 
that  all  emitters  are  isotropic  and  have  equal  EIRP 
(CyPet^const.)  and  that  the  receiver  antenna  is 
omnidirectional  and  its  equivalent  area  is  Se 
(P0-Senmin-const). 

7.  We  shall  neglect  the  dependence  of  character¬ 
istics  of  the  emitter  antennas,  receiver  antenna  and 
propagation  model  (2)  characteristics  on  frequency 
assuming  that  the  transmitting  frequency  range  of 
emitters  is  limited. 

For  these  conditions,  the  predominant  signal 
with  the  power  Pmax=Sen„BX  at  the  receiver  input 
belongs  to  the  nearest  emitter  whose  potential  in¬ 
fluence  on  the  victim  receiver  has  not  been  com¬ 
pensated  by  regulatory  or  technical  measures. 


Since  distances  from  the  victim  receiver  to  interfer¬ 
es  are  random,  the  magnitude  Pm,,,  and  the  dy¬ 
namic  range  DP  of  oscillations  in  the  ensemble  of 
input  signals  are  functionally  related  random  values 
and  can  be  characterized  by  the  corresponding 
probability  distributions.  The  type  of  these  distribu¬ 
tions  is  determined  by  models  (2), (4). 

PROBABILITY  DISTRIBUTION  OF  SIGNALS 

DYNAMIC  RANGE  AT  THE  RECEIVER  INPUT 

For  m-dimensional  spatial  distribution  of  emitters, 
the  distance  Rm/n  to  the  nearest  emitter  may  be  de¬ 
fined  as  the  maximum  radius  of  the  spherical  re¬ 
ceiver  vicinity  AU  free  from  emitters.  Taking  ac¬ 
count  of  possible  regulatory  and  technical  ways  to 


provide  electromagnetic  compatibility  of  neighbor¬ 
ing  radio  stations  (compensation,  blanking,  spatial 
EMI  shielding,  coordination  of  transmit  times), 
which  allow  one  to  rule  out  the  influence  of  signals 
from  a  certain  number  K  of  the  nearest  emitters 
(see  Fig.1),  the  radius  of  this  vicinity  will  be  equal  to 
the  distance  from  the  receiver  to  the  K+f-th  distant 
emitter.  This  emitter  may  be  considered  as  the 
nearest  interferer.  Therefore  the  probability  distri¬ 
bution  density  for  the  distance  Rmm  to  the  nearest 
interferer  is  [6]: 

H <(Rm,n)  exp(-GRZn)  I  (5) 

G  =  p am  >0,  H  =  K+ 1  >  0  ,  m>  0 ,  R^n  - 0 

r(*)  -gamma  function.  GR^n  =  Na( R^n)  repre¬ 
sents  the  average  number  of  emitters  within  the  m- 
dimensiona!  spherical  vicinity  AU  with  the  radius 
Rm,n  around  the  receiver  location  point.  Using  the 
apparent  functional  relationship  between  the  dy¬ 
namic  range  DP  and  the  minimum  distance  Rmin 

Dp  =  ££a— , 

TT  J? m 

1 1  mm nun 

we  obtain  from  (5)  the  law  for  probability  distribu¬ 
tion  of  the  signals  dynamic  range  at  the  receiver 
input;  the  distribution  is  determined  by  the  level  of 
the  signal  from  the  W-th  distant  emitter  and  this  law 


333 


has  the  form  of  the  exponential-hyperbolic  distribu¬ 
tion  [6]: 

"(Dp )  -  exp(~  NaDpm/v ) ;  (6) 

Vi  f  H) 

Dp>0,Arfl^0tv>0;/«>0. 

In  this  distribution,  N„  represents  the  average  num¬ 
ber  of  emitters  within  the  spherical  area  of  potential 
interfering  field  interaction  with  the  radius 
Rmax=(CyPet/nmin)1/v  limited  by  the  receiver  sensi¬ 
tivity  on  the  main  receive  channel  in  case  the  aver¬ 
age  spatial  density  of  emitters  within  this  whole 
area  is  constant  and  equal  to  the  average  density  p 
of  the  random  spatial  distribution  of  emitters  in  the 
vicinity  of  the  receiver. 

=  <^Cx-  =  P^^CxAYI  +nt/2)>0.  (7) 

The  expression  for  the  distribution  (6)  moments  is: 

mn(DP)  =  N™/m  0-  (8) 

The  expressions  (6), (8)  thoroughly  characterize 
probabilistic  properties  of  the  dynamic  range  of 
emissions  (signals)  at  the  receiver  location  point  in 
the  simplest  case  when  EIRPs  of  emitters  that  are 
randomly  located  within  the  potential  interfering  in¬ 
teraction  area  are  constant  in  time  and  equal  in  the 
direction  to  the  radio  receiver.  In  these  expres¬ 
sions,  DP>0,  although  the  domain  DP>1.  The  con¬ 
dition  DP<1  means  that  if  the  Poisson  model  of 
spatial  emitters  location  (4)  is  used  then  the  prob¬ 
ability  that  these  emitters  are  absent  within  the  area 
around  the  receiver  with  the  radius  Rmax  is  not 
equal  to  zero  for  any  finite  p,  Rmax  although  this 
probability  is  generally  extremely  low. 

It  is  necessary  to  point  out  that  nv/tn>H  and  the 
distribution  (6)  have  no  initial  moments  in  the  most 
practically  important  cases.  Nevertheless  the  ob¬ 
tained  expressions  make  it  possible  to  predict  the 
dynamic  range  of  signals  during  radio  reception  in 
space-scattered  radio  equipment  groups  on  the 
basis  of  the  evaluation  of  the  upper  boundary  of 
the  confidence  interval  [0,Dpd  which  includes  the 
evaluated  value  of  DP  with  the  probability  p: 

Dp<s  =arg{P(DP0)  =  p } ,  (9) 

P(DP0)  =  T(H,NaD-p%/v)/r(H) ; 

T(H,NaDpm/v)  is  the  incomplete  gamma  func¬ 
tion  of  the  second  kind. 

For  example,  if  in  the  considered  situation  the  re¬ 
ceiver  antenna  input  dynamic  range  Din  is  known 
then  the  probability  p(DP>Din)  that  it  will  be  ex¬ 
ceeded  by  the  dynamic  range  of  input  signals  is 
determined  by  the  simple  relationship: 

p(DP  >  Din)  =  l-T(H,NaD7nm/v)fr(H)  .  (10) 

The  distribution  (6)  is  obtained  using  model  (2) 
and  the  dynamic  range  of  signals  is  determined 


using  the  power  flux  density  (or  power  of  individual 
signals  at  the  receiver  antenna  input).  If  we  use  the 
propagation  model  of  the  type  (2)  based  on  the 
field  intensity,  in  which  the  exponent  is  two  times 
less  than  v ,  then  the  form  of  expressions  (6), (8) 
and  the  meaning  of  their  parameters  will  not 
change,  but  the  condition  for  existence  of  moments 
in  this  distribution  will  be  improved. 

The  arguments  given  below  allow  one  to  sub¬ 
stantially  improve  limitations  on  applicability  of 
models  and  relationships  derived  above;  these 
limitations  were  assumed  for  derivation  of  the  dis¬ 
tribution  (6). 

Signals  dynamic  range  estimation  for  FDMA  mobile 
stations 

Let  us  consider  only  the  two-dimensional  spa¬ 
tial  mobile  distribution  (m-2).  It  is  necessary  to  take 
v=4  in  the  model  (2)  for  propagation  conditions.  In 
the  case  under  consideration  radio  stations  gener¬ 
ally  have  equal  power  and  omnidirectional  anten¬ 
nas  and  employ  broadband  frequency  filters  at  the 
receive  input;  these  filters  are  transparent  to  sig¬ 
nals  on  all  the  channels  utilized  by  systems  of  the 
corresponding  standard.  Besides,  these  stations 
are  emitters,  are  owned  by  independent  users  and 
are  randomly  and  scatteredly  distributed  over  the 
territory,  which  allows  one  to  use  the  Poisson 
model  of  their  distribution  in  the  receiver  vicinity. 

Mobile  usage  patterns  in  these  systems  do  not 
assume  that  any  limitations  are  placed  on  signals 
of  neighboring  stations.  Therefore  it  is  interesting  to 
discuss  two  possible  scenarios  of  the  situation  [6]: 

Scenario  1:  The  dynamic  range  DP  of  emissions 
(signals)  at  an  arbitrarily  selected  surface  point 
(H-1). 

Scenario  2:  The  dynamic  range  DP  of  emissions  at 
the  mobile  location  point  or  the  signals  dynamic 
range  at  the  mobile  receiver  input  (in  receive  mode, 
the  mobile's  own  signal  is  absent  (simplex  opera¬ 
tion  mode)  or  is  suppressed  by  the  duplexer  fre¬ 
quency  filter  (H=2)). 

In  the  first  scenario,  the  distribution  (6)  has  no 
initial  moments.  Therefore  it  is  possible  to  carry  out 
systems  analysis  of  the  dynamic  range  of  emis¬ 
sions  at  the  selected  point  using  (9);  this  analysis 
implies  that  we  need 

♦  to  substantiate  the  required  value  of  the  predic¬ 
tion  reliability  coefficient  p  which  is  the  probability 
that  the  emissions  dynamic  range  will  not  exceed 
the  desired  value  of  DP0 ; 

♦  to  solve  the  equation  (9)  over  Dpo  analytically, 
using  numerical  methods  or  using  the  set  of  curves 
for  the  distribution  (6). 

In  the  discussed  case,  an  analytical  solution  is 
possible:  using  the  properties  of  the  known  repre¬ 
sentation  of  the  incomplete  gamma  function  of  the 
second  kind  as 
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r(\  +  n,x)  =  n!e  x  E  .7 , 

n  =  0,1,2,...  , 

,  (11) 

we  have: 

p  =  r(l,7VflZ)po/4)  =  exp{- 

hence 

*>J>0  ={^a/^p)2\ 

(12) 

for  P20.9  DP0*(Naf(l-pjf. 

For  equal  values  of  Na  the  difference  in  values  of 
D0  for  p=0.9  and  for  p=0.99  is  approximately  20 
dB. 

In  the  second  scenario,  the  distribution  (6)  for 
DP  also  has  no  (initial)  moments.  Therefore,  using 
(11),  we  reduce  the  equation  (9)  to: 

Dpo  =  <w?{(l  +  A 'aI^D^)exf(-  Na!4^) =  p]  ■  ( ‘ 1 3) 

Numerical  solution  of  this  equation  for  p=0.9  and 
p=0.99  allows  us,  for  instance,  to  a  obtain  the  fol¬ 
lowing  estimations: 

Z>p0(0.9)*3.54A^,  Z)M (0.99) -45,3^;  (14) 

the  difference  between  these  estimations  for  equal 
values  of  A/a  is  approximately  1 1  dB. 

The  parameter  Na  in  the  given  relationships 
represents  the  average  number  of  mobile  stations 
in  transmit  mode  within  the  potential  interfering  in¬ 
teraction  area  with  the  radius  Rmax  if  the  spatial 
mobile  density  within  this  whole  area  is  the  same 
and  corresponds  to  the  mobile  density  in  the  vicin¬ 
ity  of  the  considered  point.  For  conventional  mobile 
stations  (2-5W  transmit  power,  1.5  -  2.0  m  antenna 
height  above  the  surface)  and  assumed  propaga¬ 
tion  conditions  (v=4)  this  area  can  be  as  large  as 
10-30  square  kilometers  (taking  into  account  the 
interference  of  the  direct  and  reflected  rays,  the 
shielding  introduced  by  buildings  and  Earth  sur¬ 
face,  the  effect  of  foliage  etc).  For  mobile  density 
pe[1 000,1 0000]  stations/square  kilometer  and 
relative  mobile  transmit  time  of  2-5%  we  obtain 
Na  €[200,10000],  which  generally  corresponds  to 
the  most  severe  operation  environment.  For  actual 
operation  conditions,  the  spatial  emitter  density 
range  may  be  assumed  as  pe[1 00,1 000]  sta¬ 
tions/square  kilometer,  which  approximately  corre¬ 
sponds  to  Nae[20,1000].  For  these  conditions,  the 
table  below  contains  the  expected  space  ranges  for 
values  of  D0=10lgDPO  for  p=0.9  and  p=0.99  in  ac¬ 
cordance  with  (12)  and  (14). 


Table  1 

Scenario  1  (H=1) 

Scenario  2  (H=2) 

A 

stations 

/km2 

1(f-h1(f 

103+10* 

102+103 

iouTct 

Do(0.9), 

dB 

O 

CO 

•1* 

CD 

66+100 

32+66 

52+86 

Do(0.99), 

dB 

66+100 

86+120 

43+77 

63+97 

If  in  the  second  discussed  scenario  we  define 
the  dynamic  range  using  the  electromagnetic  field 
strength  and  the  analysis  is  based  on  the  propaga¬ 
tion  model  of  the  type  (2)  using  the  field  strength 
and  v=2,  then  the  conditions  are  fulfilled  for  exis¬ 
tence  of  the  1st  (initial)  moment  in  (8)  for  the  distri¬ 
bution  (6).  For  this  scenario,  mi(D^=Na.  As  a  result 
of  this,  for  the  operation  conditions  discussed 
above  we  obtain  the  space  range 
20lg(m1(De))=46+80dB  for  the  interval  Nae[200, 
10000]  and  the  space  range  20lg(mi(DE))= 
26-:606B  for  the  interval  Nae[20,1000]. 

The  tentative  estimations  presented  above  do 
match  the  practical  outlook  on  modern  urban  radio 
environment  characteristics. 

Signals  dynamic  range  estimation  for  TDMA  fre¬ 
quency  channel 

In  TDMA  systems  signals  of  numerous  space 
scattered  radio  stations  sequentially  fall  into  the 
main  receive  channel  bandwidth  of  the  receiver. 
The  Figure  2  illustrates  the  time  variation  pattern  of 
the  signal  level  P(t)  in  the  receiver  main  receive 
channel  for  the  TDMA  network;  the  labels  1,2,...,N 
on  the  pattern  denote  signals  of  each  of  N  mobile 


Fig.  2 


stations.  For  H=1  the  estimation  of  the  probability 
that  the  dynamic  range  of  signals  from  individual 
subscribers  in  the  TDMA  frequency  channel  will  not 
exceed  the  value  of  the  main  receive  channel  dy¬ 
namic  range  Dmp  may  be  carried  out  on  the  basis 
of  the  following  relationship  which  is  a  conse¬ 
quence  of  the  model  (6)-(8): 


p(D<Dmp)*[exp(-M-nZ,/v) 


(15) 


Hence,  for  the  receiver  which  carries  out  radio  re¬ 
ception  using  the  TDMA  network  frequency  chan¬ 
nel,  the  value  of  the  main  receive  channel  dynamic 
range  D  whose  expected  probability  is  equal  to  p  is 
determined  by  the  relationship 


(16) 


Table  2  contains  estimated  values  of  D  for 
channels  with  N=4  (TETRA),  N=8  (GSM)  and  N=12 
(DECT)  for  different  propagation  conditions  and 
two-dimensional  emitter  distribution  (m=2). 
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Table  2 

p=0.9 

p=0.99 

v=2 

v=4 

v=2 

v=4 

D  for  N=4,  dB: 

16 

32 

26 

52 

D  for  N=8,  dB: 

19 

36 

29 

58 

D  for  N=12,  dB: 

21 

42 

31 

62 

Estimation  of  possible  CDMA  network  cell 
shrinkage  due  to  predominant  signal  presence 

One  of  CDMA  features  is  that  cells  can  grow 
and  shrink  subject  to  existing  load  (traffic)  [7],  The 
model  (5)  make  it  possible  to  relate  CDMA  network 
cell  size  variations  to  operating  mobile  stations 
spatial  density  variations. 

If  the  maximum  recommended  (design)  net¬ 
work  load  corresponds  to  Z  subscribers  simultane¬ 
ously  served  by  a  cell  (2«13*14),  then  for  nominal 
spatial  subscriber  density  pN  the  probability  distri¬ 
bution,  the  mathematical  expectation  m-,(Rs)  and 
the  variance  M2(Rs)  of  the  cell  radius  Rs  can  be 
determined  according  to  (5)  as: 

^sjpyv^  =  Rsm~'  exp(-GRf)  ; 


rfz  +  l/mj. 

Y(Z)GVm  ’ 


T(Z  +  2/m) 
T  (Z)G2/m 


T(Z  +  \/m) 
T(Z)GVm 


G  =  p/v«m  >  0,  Z  >  I ,  ra  >  0,  R$  >9 . 

Hence,  for  spatial  subscriber  density  pP  that 
exceeds  pN  and  corresponds  to  the  peak  network 
traffic,  the  expected  average  cell  size  shrinkage  3 
may  be  determined  as  the  ratio  of  mathematical 
cell  size  expectations  for  peak  and  nominal  spatial 
subscriber  densities: 


«i(*slp/>) 

ml(Rs\PN) 


1/m 


-P p  ) 


(17) 


For  instance,  if  the  spatial  emitter  density  is  in¬ 
creased  by  2  times  as  compared  to  pH  then  the  av¬ 
erage  cell  size  radius  will  expectedly  decrease  by 
1 .41  times  for  two-dimensional  subscriber  distribu¬ 
tion  (m-2)  and  by  1.26  times  for  three-dimensional 
subscriber  distribution  (m=3),  for  example,  in  a 
multistoried  building. 


Prediction  of  maximum  allowable  radio 
environment  complexity 

The  relationships  (9), (10)  make  it  possible  to 
determine  the  maximum  radio  environment  com¬ 
plexity  which  is  allowable  with  regard  to  the  prob¬ 
ability  that  the  receiver  antenna  input  dynamic 
range  will  be  exceeded  by  the  input  signals  dy¬ 
namic  range.  Taking  into  account  the  known  in¬ 
complete  gamma  function  representation  (11),  the 
equation  (9)  can  be  represented  as: 


T  (ft  7)  H-\yi 

pJYmLexpi-z)£ji ?  no) 

Solution  of  this  equation  about  Dp0  for  different 
values  of  Na  and  for  fixed  values  of  p,  H  and  vfm 
makes  it  possible  to  estimate  the  highest  average 
number  of  input  signals  Na  which  may  be  allowed 
for  the  receiver  whose  antenna  input  dynamic 
range  is  equal  to  Din. 

CONCLUSION 

The  approaches  presented  above  make  it  pos¬ 
sible  to  predict  in  various  scenarios  the  dynamic 
range  of  signals  that  create  the  radio  environment 
at  the  observation  point.  The  author  tends  to  think 
that  the  material  presented  above  has  a  potential 
for  further  development  with  regard  to  specific 
systems  and  provides  opportunities  for  investiga¬ 
tion  of  EMC  problems  in  mobile  communication 
systems. 
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Abstract  In  this  contribution  the  coupling  into  a 
spezial  coaxial  screen  is  described.  The  screen  con¬ 
sists  of  parallel  wires  which  are  arranged  in  a  two 
lager  system.  A  derivation  is  presented  to  deter¬ 
mine  the  interference  coupling  through  this  screen. 
The  screen  is  called  Parallel  Double  Layer  Screen 
(PDLS).  The  analytical  result  of  the  interfence  cou¬ 
pling  is  verified  by  a  Method  of  Moment  simulation. 

1.  INTRODUCTION 

To  analyze  the  physical  phenomena  of  interference 
coupling  into  shielded  cables,  simples  models  of  the 
cable  screen  have  to  be  developed.  Hoping  that  every 
model  improves  a  little  bit  the  understanding  of  the 
complicated  coupling  mechanism.  Here  the  Parallel 
Double  Layer  Screen  (PDLS)  is  presented. 

The  cross  section  of  such  a  PDLS  system  is  shown 
in  Fig  1.  The  screen  is  rebuild  by  two  layers.  Each 
layer  consists  of  n  parallel  wires  arranged  equidis- 
tantly  on  a  circle.  The  distance  between  two  wires 
on  one  layer  is  substantially  greater  than  the  wire 
radius  ro,  also  the  distance  between  the  two  layers 
is  much  greater.  Furthermore  the  relations  ro  < 
r-i  <  r2  are  given.  The  proximity  effect  is  neglected. 
To  determine  the  interference  coupling  into  a  coax¬ 
ial  cable  the  knowledge  of  the  transfer  impedance  is 
necessary. 

The  cable  transfer  impedance  is  a  purely  cable 
specific  quantity  which  describes  the  relation  be¬ 
tween  the  current  Ia  on  the  cable  screen  and  the 
induced  voltage  Ut  between  the  inner  conductor  and 
the  screen.  The  transfer  impedance  is  defined  by  the 
arrangement  of  Fig.  2  [4],  The  cable  screen  and  the 
inner  conductor  are  short  circuited  at  the  left  end. 
The  induced  voltage  Ut  is  measured  across  the  open 
end  on  the  right  side.  The  transfer  impedance  can 


be  written  by: 


for  cable  lengths  of  Z  >C  A. 


Figure  2:  Definition  of  the  Transfer  Impedance 


2.  DERIVATION 

To  start  the  determination  of  the  transfer  impedance 
of  a  PDLS  system  the  magnetic  field  of  one  wire  has 
to  be  described.  Fig.  3  shows  the  field  of  one  wire. 
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Figure  3:  Magnetic  field  of  one  wire 


The  components  of  H  are  given  by 

Hx  =  2n[(x0-x)i  +  (y0-yy}  {v°  ~  y)  (2) 

and 

Hy  =  -2n[(x0-xy  +  (yQ-y)*}{Xo~X)  '  (3) 

The  whole  field  of  several  wires  is  gained  by  a  vecto¬ 
rial  addition  of  the  single  parts.  In  Fig.  4  a  section 
of  the  PDLS  structure  is  shown.  The  current  on  one 
wire  i  of  the  inner  layer  produces  the  field  H\i,  the 
current  on  a  wire  i  of  the  outer  layer  the  field  /?2i 
respectively.  From  reasons  of  symmetrie  it  seems 
to  be  allowed  to  treat  only  one  loop  created  by  two 
opposite  wires  of  the  different  layers  for  the  current 
displacement  process.  In  our  case  we  choose  the  two 
wires  on  the  positive  x-axis.  On  the  x-axis  the  y- 
component  of  Hii  is  given  by 

h'»  =  -2^ ■  <4> 

analogous 

H2iV  =  "2^n[(x2o-x)2+2/|0](a:20~:c)'  (5) 

In  Fig.  5  a  rebuilding  of  the  loop  created  by  the 
mentioned  opposite  wires  10  and  20  from  both  layers 
is  shown.  This  loop  is  located  in  the  xz-plane.  The 
layers  and  therefore  also  the  loop  are  short  circuited 
at  the  ends.  Kirchhoffs  voltage  law  leads  to: 


~JU}4>i2 - %b  4 - Z'd  —  0. 

n  n 

In  this  equation, 

Z1  =  1  Jo(^  to) 

D  (1  +  j)irKrod 


(6) 

(7) 


[5]  represent  the  internal  impedance  of  one  wire,  J2 
the  current  on  the  outer  layer  and  I\  the  current  of 


Figure  4:  Part  of  the  cross-section  of  a  PDLS  struc¬ 
ture 


the  inner  layer.  The  magnetic  flux  <p'12i  between  the 
wire  10  and  the  wire  20  (Fig.  4)  can  be  written  as 


T2— ro 

012 i  —  ^0  J  [U\iy  4*  H2iy\dx.  (8) 

ri+r0 

r2-r0 

/  [  27rn[(xi0  -  x)2  +  yl0]  ^10  ^ 

ri+r0 

”  2^X20 -x)2+2/22o](X2°  ~x)]dx- 

The  solution  of  the  integral  [1]  is  given  by 

^12i=4^[  A  In  |(xi0  —  x)2  +  y\0\  (9) 

+  /2  In  |(x20  —  x)2  +  2/f0|l  °. 

J  ri+rO 


Because  the  logarithmic  terms  are  always  positive  it 
is  allowed  to  omit  the  amount  lines.  Furthermore 
£io>  t/i0j£20  and  y2 o  can  be  substituted  by  trigono¬ 
metric  terms.  So,  Eq.  9  can  be  rewritten  by: 

[  h  ln[(ri  cos  a*  -  x)2  (10) 

+(ri  sin  ctj)2] 

+  /2ln[(r2  cos  a,  -  x)2 

1  r2— ro 

+(r2  sin  a,)2] 

J  ri+r-0 
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Considering  the  integration  limits  we  obtain 

^'i2i  =  t  {11) 

h  ln[r?  -  2rj  cos on  ■  (r2  -  r0)  +  (r2  -  r0)2] 

-  Ji  ln[r  ?  -  2rx  cos  a{  ■  (rx  +  r0)  +  (ri  +  r0)2j 

+  I2  ln[r2  -  2r2  cos  on  •  (r2  -  r0)  +  (r2  -  r0)2] 

-  h  ln[r^  -  2r2cosaj  •  (rx -f  r0)  +  (rx +7-0)23]. 

In  the  next  step  the  influence  of  all  wires  has  to  be 
considered.  The  whole  flux  (j>[2  is  given  by  a  sum  of 
all  4>'m-  The  angle  oti  =  27rz/n  depends  only  on  the 
variable  i.  So,  the  following  equation  for  the  whole 
flux  can  be  derived: 


012 


_Mo_ 

47m 


n— 1 

E[ 


t=0 

.2 


I\  ln[r2  -  2rx  cos(^^) 
n 


"(r2  -  r0)  +  (r2  -  r0)2] 

-Ii  ln[r2  -  2rx  cos(— ) 
n 

(ri  +  r0)  +  (rx  +  r0)2] 

+/2  ln[r2  -  2r2  cos(— ) 
n 

•(r2  -  r0)  +  (r2  -  r0)2] 

-I2  ln[r2  -  2r2  cos(— ) 
n 

•(ri  +  r0)  +  (rx  +r0)2]j. 


(12) 


Using  Eq.  12  within  Eq.  6  leads  to  Eq.  13  which 
depends  only  on  the  currents  7X  and  I2,  from  the 
electrical  point  of  view: 


0  = 


JCJ/Xp/i 

47rn 
n— 1 


(13) 


£ln; 


1  -  2n  cos(^)(r2  -  r0)  +  (ra  -  r0)2 
i=0  -x  -  2ri  cos(ir)(ri  +  r0)  +  (ri  +  r0)2 
j^oh 
4im 

n-l 

Eta 

i=0 


—  7'  _l.  **  7 ' 
nZ°+nZD 


2  ~  2r2  cos (^)(r2  -  r0)  +  (ra  -  r0)2 
|  -  2r2  cos( 22i)(n  +  r0)  +  (n  +  r0)2 

h 


Rewriting  Eq.  13  yields  an  explicit  expression  for  the 
ratio  Ii/I2: 


r  S 

T,=(=~ — -  <14> 

-S 

t=0 


with 

k  =  r2  -  2r2  cos(^)  •  (r2  -  ro)  +  (r2  -  r0)2 

t\  -  2r2  cos(^i)  •  (n  +  r0)  4-  (rx  +  r0)2 

rf  -  2rx  cos(^)  •  (r2  -  r0)  4-  (r2  -  r0)2 

r2  -  2n  cos(^)  •  (n  +  r0)  +  (n  +  r0)2 ' 

Considering  Kirchhoffs  law  (I  —  lx  + 12)  leads  to 
I 


k2  = 


and 


Ii  = 


1  +  ? 


i  +  c 


(15) 


(16) 


To  calculate  the  voltage  between  the  inner  conductor 
and  the  screen  we  need  the  flux  ft  (compare  Fig.  5). 
The  flux  which  is  caused  by  the  wire  i  of  the  inner 
and  the  wire  i  of  the  outer  layer  is  given  by: 


n— ro 


4>'i  —  Mo  J  [Huy  +  H2iy)  dx. 

ro 

ri-r0 

=  «  /  [- 


27rn[(xi0  -  x )2  +  y?0] 

-  ■)] 


(17) 


(XlO  -  x) 


->(x20 


dx 


27rn[(x20  -  x)2  +  y|0) 

Solving  this  integral  in  the  same  manner  as  Eq.  8 
with  the  assumption  that  the  radius  of  the  inner  con¬ 
ductor  can  be  neglected,  we  get: 

2  cos  ctj 


.1  Mo  [  T  .  r-  2  COS  ctj 

toi  1.M1-— — (r,-r.) 


+ 


n 

(ri  -^o)2, 


(18) 


,  r  ,  ri  2  COS  Oj 
4-  I2  ln[l - - - -  (n  -  ro) 


+ 


r  2 

(ri  -  r0)2 


r2 

r2 


1]' 


Substituting  the  angle  on  by  2ni/n  the  whole  flux 
can  be  written  by 


n— 1 


'-ESI  AMI 
>=0 


+ 


2  cos  ~ 

ri 

(n  -  r0)2 

r? 


2  cos  — 

+  I2  ln[l - —  ■  (rx 


(ri  -  r0) 

1  (19) 

-r0) 

)]■ 

Substituting  7x  (Eq.  15)  and  I2  (Eq.  16)  within 
Eq.  19  yields  to: 

'-E£[rh-^  +  i^-H  (20) 


+ 


r2 

(rx  -  r0)2 


r2 

r2 
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Figure  5:  Loop  formed  by  two  opposite  wires  of  both 
layers. 


with 

2  cos  — 

■(n  - 

~r0)  + 

9i 

=  1 

r  i 

2  cos  — 

■  (n  - 

~r0)  + 

92 

=  1 - 21- 

T2 

(n  ~  r0)2 
ri 

(ri  -  r0)2 


(21) 


A  division  of  Eq.  20  by  the  current  I  leads  to  an 
expression  which  can  be  considered  as  the  mutual 
inductance  between  the  PDLS  and  the  inner  con¬ 
ductor: 


(22) 


The  internal  impedance  of  all  parallel  wires  from  the 
inner  can  be  derived  to: 


Vd  1 
n  1  +  1' 


(23) 


And  therefore  the  transfer  impedance  of  a  PDLS  sys¬ 
tem  can  be  written  by 


Figure  6:  MoM  model  of  a  PDLS 


end  is  connected  by  a  wire  with  a  ground  plane.  The 
generator  Uqc  (Fig.  6)  on  this  wire  drives  the  sys¬ 
tem.  An  additional  outer  layer  leads  the  current 
back  to  ground  plane.  The  PDLS  has  a  length  of 
l  =  12.0  cm,  an  inner  radius  of  n  =3.9  mm  and  an 
outer  radius  of  r2  =  5.4  mm.  Up  to  appr.  100  MHz 
the  current  Ic  can  be  assumed  to  be  constant.  In 
the  middle  of  the  PDLS  a  wire  represents  the  inner 
conductor.  To  determine  the  coupling  voltage  U<ic  a 
resistance  with  R  =  100  fl  is  positioned  at  the  inner 
conductor.  100  fi  are  high  enough  for  the  simulation 
to  get  the  needed  open  circuit  voltage.  The  trans¬ 
fer  impedance  for  this  modeled  braid  can  easily  be 
predicted  by 


Z'T 


Uic 

id' 


(25) 


z TDR  —  Z'du  +  JuM'qr.  (24) 

3.  VERIFYING  THE  MODEL  BY  MOM 

In  this  chapter  the  analytical  derivation  of  the 
PDLS-model  will  be  verified.  The  program  CON¬ 
CEPT  [3]  a  useful  tool  to  compute  currents  on  wires 
which  bases  on  the  Methods  of  Moments  (MoM)  [2] , 
is  used.  A  piece  of  a  coaxial  PDLS  is  rebuilt  for  the 
verification  [6].  This  piece  is  shown  in  Fig.6.  One 


For  several  numbers  of  wires  the  transfer  impedance 
was  computed  by  MoM  and  by  the  analytical  solu¬ 
tion  (which  is  shown  in  chapter  2).  In  these  cal¬ 
culations  the  screen  was  modeled  by  eight,  sixteen, 
thirtytwo,  and  forty  wires  in  each  layer.  The  MoM 
and  analytical  results  of  the  transfer  impedance  axe 
given  in  Fig.  7.  The  parameter  n  is  the  number  of 
wires  used  for  one  layer.  Up  to  10  MHz  the  results 
of  the  MoM-calculation  and  the  analytical  descrip¬ 
tion  are  the  same.  The  MoM  simulation  considers 
the  electric  and  magnetic  coupling,  the  analytical  so- 
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Figure  7:  Transfer  Impedance  of  a  PDLS 

lution  only  the  magnetic  coupling.  For  that  reason 
it  becomes  clear  that  both  curve  cannot  completely 
match  in  the  higher  range. 

The  results  of  the  analytical  solution  shows  that 
in  the  low  frequency  range  the  transfer  impedance 
is  equal  to  the  DC  resistance  of  the  screen.  In  the 
higher  range  the  magnitude  increases.  The  phase 
reaches  appr.+90°.  At  a  frequency  of  appr.  1  MHz  a 
minimum  of  the  magnitude  can  be  seen  in  the  models 
with  n  =  32  and  n  =  40.  This  minimum  is  caused  by 
the  current  displacement  from  the  inner  to  the  outer 
layer.  The  current  displacement  is  considered  by  the 
factor  £.  In  the  higher  range  the  inductive  coupling 
dominates,  so  the  transfer  impedance  increase. 

4.  CONCLUSIONS 

The  PDLS-system  is  a  simple  model  of  a  coaxial  ca¬ 
ble.  In  this  contribution  a  derivation  is  presented 
which  allows  to  predict  the  transfer  impedance 
of  the  PDLS.  This  derivation  considers  the  inner 
impedance  of  the  wires,  the  current  distribution  of 
the  layers  and  the  inductive  coupling.  A  MoM  simu¬ 
lation  of  the  PDLS  verifies  the  derivation.  It  clarifies 
the  current  displacement  from  the  inner  to  the  outer 
layer. 
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The  use  of  the  Modulated  Scattering  Technique 
(MST)  for  the  determination  of  the  field  reduction 
properties  of  shielding  devices  is  proposed.  The  main 
advantages  derive  from  the  very  limited  perturbations 
introduced  by  a  MST  based  field  probe  in  the 
electromagnetic  field  under  measurement.  In  the  paper 
the  theoretical  basis  of  the  MST  are  briefly  discussed 
and  a  MST  based  measurement  system  is  described. 
Finally  some  measurement  data  are  presented  and 
compared  with  data  obtained  by  means  of  an  analytical 
formulation. 


1.  INTRODUCTION 

Every  electrical  or  electronic  device  usually  has  an 
enclosure  which  provides  some  different  mechanical 
and  electrical  functions.  Among  them,  especially  in  the 
case  of  devices  sensitive  to  external  electromagnetic 
field,  plays  an  important  role  the  one  that  provides  the 
apparatus  with  an  adequate  degree  of  immunity  to 
electromagnetic  phenomena.  Such  a  property  is  usually 
named  as  the  shielding  effectiveness  SE  of  an  enclosure 
and  is  one  of  the  most  important  parameter  that  can 
determine  the  electromagnetic  compatibility  properties 
of  the  enclosed  apparatus  (both  for  emission  and 
immunity).  Traditionally  shielding  devices  are  based  on 
the  well  known  properties  of  metals,  whose  high 
conductivity  in  an  ideal  shielding  configuration 
guarantees  very  high  values  of  attenuation  of 
electromagnetic  fields.  However  nowadays,  due  to  great 
demand  of  consumer  electronics,  there  is  the  need  of 
low-cost  shielding  enclosures  based  on  the  field 
attenuation  properties  of  materials  more  light  and  cheap 
than  metals.  Consequently  in  industry  there  is  the 


interest  in  fast  and  efficient  methods  for  the 
determination  of  the  shielding  properties  of  real 
enclosures,  in  order  to  compare  different  shape  and 
materials. 

Shielding  effectiveness  measurements  usually 
involve  the  evaluation  of  the  coupling  between  a  source 
and  a  receiver  first  with  the  enclosure  under  test 
removed  (measurement  of  the  reference  level),  and  then 
with  the  enclosure  under  test  inserted  as  shielding  for 
the  receiver  (measurement  of  the  loaded  level).  The 
ratio  of  the  received  power  by  the  measurement  system 
in  the  two  configurations  ( loaded  level/reference  level), 
or  insertion  loss,  gives  the  SE  measure,  usually 
expressed  in  decibels.  In  order  to  evaluate  the  loaded 
level,  conventional  measurement  techniques  involve  a 
direct  connection  between  a  receiver  and  the  receiving 
antenna,  the  last  placed  inside  the  shielding  device. 
Perturbations  introduced  by  the  cable  connecting  the 
probe  antenna  and  the  receiver  may  be  relevant, 
especially  during  the  measurement  of  the  loaded  level. 
Furthermore,  when  the  shielding  device  has  limited  size, 
it  may  be  difficult  to  place  a  conventional  field  probe 
inside  it. 

Such  problems  con  be  overcome  using  the 
Modulated  Scattering  Technique  (MST)  [1]  [2]  [3]  [4] 
for  the  measurement  of  electromagnetic  field  values. 
The  main  advantage  deriving  from  the  use  of  the  MST 
derives  from  the  possibility  to  perform  the 
measurements  without  any  connections  with  the  MST 
probe  antenna  placed  inside  the  enclosure,  so  the 
perturbations  introduced  during  the  measurement 
process  can  be  very  limited.  In  addition  a  MST  probe, 
due  to  its  limited  size  and  its  simple  structure,  introduce 
little  perturbations  to  the  field  distribution  under 
measurement,  and  can  be  efficiently  used  to  evaluate 
small  sized  enclosures. 
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Finally,  employing  the  monostatic  set-up  of  the 
MST  technique,  the  measurements  can  be  performed 
directly  at  the  RF  port  of  the  radiating  system  that 
generates  the  electromagnetic  field  to  which  the 
enclosure  under  test  is  exposed. 

In  this  paper,  to  demonstrate  the  applicability  of  the 
technique  to  shielding  properties  evaluation  of  real 
enclosures,  an  experimental  measurement  system  based 
on  the  MST  is  described  and  the  data  obtained  for  a 
brass  rectangular  box  are  reported  and  compared  with 
the  corresponding  data  obtained  by  means  of  an 
analytical  formulation. 

The  study  of  the  electromagnetic  phenomena  related 
to  the  presence  of  apertures  in  shielding  enclosures  has 
been  faced  by  various  authors  [5]  [6]  [7]  [8],  at  different 
level  of  approximation,  presenting  numerical 
simulations  and  analytical  formulations.  Due  to  its 
effectiveness  and  to  its  fast  implementation,  to  obtain 
the  data  to  compare  with  the  measured  data  has  been 
chosen  the  formulation  of  Robinson  et  al.  [8]  [9]  [10]; 
in  this  formulation  the  enclosure  is  considered  as  a 
waveguide  with  only  a  mode  of  propagation  (TE10)  and 
all  the  phenomena  are  modeled  by  suitable  transmission 
lines. 


2.  THE  MODULATED  SCATTERING  TECHNIQUE 

The  Modulated  Scattering  Technique  (MST)  is  a 
perturbative  measurement  tool  introduced  in  the  fifties 
[1]  [2]  [3]  for  the  investigation  of  electromagnetic  field 
distributions  generated  by  antennas,  especially  at 
centimeter  wavelength.  Subsequently  many 
experimenters  have  proposed  measurement  systems, 
based  on  the  MST,  devoted  to  rapid  and  accurate  near¬ 
field  measurements  for  the  characterisation  and 
diagnostic  of  antennas  [1 1]  [12]  [13],  The  technique  has 
also  been  used  for  mapping  the  field  distribution  in  the 
close  surrounding  of  printed  circuits  and  components 
[14],  for  investigating  the  fields  radiated  by  industrial 
applicators  [15],  and  as  a  fast  measurement  technique 
for  biomedical  imaging  systems  [16]  [17].  Recently  the 
Modulated  Scattering  Technique  has  also  been  proposed 
as  a  tool  to  carry  out  the  field  uniformity  verification  in 
radiated  field  immunity  sites  [18]  and  as  a  tool  to 
investigate  on  field  uniformity  inside  TEM  cells  [19]. 

The  Modulated  Scattering  Technique  is  based  on  the 
scattering  properties  of  small  probe  antennas  [20]  and 
the  signals  related  to  the  electromagnetic  field  under 
measurement  are  not  delivered  by  the  measuring  probe, 
but  re-radiated  by  the  probe  itself  and  received  by  the 
antenna  generating  the  field  in  the  monostatic  set-up,  or 
by  an  auxiliary  antenna  in  the  bistatic  set-up.. 

As  can  be  shown  [3]  [21]  [22],  in  the  bistatic  set-up 
the  received  voltage  is  proportional  to  the  field  present 
where  the  probe  antenna  is  placed,  while  in  the 
monostatic  set-up  the  received  voltage  turns  out  to  be 
proportional  to  the  square  of  the  field. 

In  particular  the  relationship  existing  in  the 
monostatic  set  -up  can  be  derived  starting  form  the 


Fig.  1:  The  basic  monostatic  Modulated  Scattering 
Technique  set-up. 

application  of  the  Lorentz  reciprocity  theorem  [23]  [24] 
in  a  general  configuration  as  sketched  in  figure  1.  In 
such  a  configuration  we  consider  a  transmitting  antenna 
TX  which  generates  the  electromagnetic  field  under 

measurement  j  E,  #J ,  and  a  receiving  antenna  RX,  here 

employed  as  field  probe.  In  figure  1  are  also  defined 
voltages  and  currents,  Vx ,  /,  and  v2 ,  i2 ,  existing  in  the 
transversal  sections  5,  and  S2 . 

If  we  assume  that  the  hypothesis  of  applicability  of 
the  Lorentz  reciprocity  theorem  are  satisfied,  starting 
from  the  expression  of  the  theorem: 

/«•(£„  xHb-EbxHa)dS  =  0  (1) 

s 


where  j£a,//iJ  and  j  ,  //6 }  are  two  different  field 

distributions  that  can  be  generated  by  means  of  two 
different  functional  state  of  the  system  and  h  is  the 
unity  vector  normal  to  surface  S  enclosing  the  system, 
we  obtain  the  reciprocity  relationship: 


K  a  Aa  “  ^1A  A  a  +  v2  a  hb  ~  V2A  ha  ~  ® 


(2) 


Here  we  consider  as  probe  antenna  (RX)  a  minimum 
scattering  antenna  [25]  and  we  assume  to  connect  to  it 
an  open  circuit  and  a  matched  load  in  order  to  generate 

the  two  different  fields  distributions  j  Ea ,  Hb  j , 

M*). 

After  writing  voltages  and  currents  in  the  transversal 
sections  5,  and  S2  as  sum  of  incident  and  reflected 

quantities,  starting  from  (2)  one  can  obtain  the 
relationship: 


where  and  are  the  incident  and  reflected 

voltages  in  section  5, ,  h  is  the  equivalent  height  of  the 
receiving  antenna,  Z0  the  characteristic  impedance  of 
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TX  system  and  ZL  the  matched  load  of  the  RX 
antenna. 

The  equation  (3)  constitute  the  fundamental 
relationship  for  the  monostatic  Modulated  Scattering 
Technique  set-up;  for  a  given  voltage  incident  in 
transmitting  antenna,  it  allows  one  to  evaluate  the 
electric  field  E  in  the  probe  position  measuring  the 
reflected  voltage  in  the  transmitting  system. 

Since  the  field  scattered  by  the  probe  produces  very 
weak  signal  in  the  measurement  system,  usually  a  low 
frequency  modulation  of  the  scattered  field  is 
impressed.  The  modulation  allows  one  to  improve  the 
sensibility  of  the  measurement  system  by  using  some 
tuned  amplifiers  in  the  receiving  system  and,  at  the 
same  time,  to  distinguish  the  field  scattered  by  the  probe 
from  all  other  scattering  contributions.  Since  the 
intensity  of  the  scattered  field  depends  on  the  value  of 
the  load  connected  to  the  probe  [26],  the  modulation 
can  be  achieved  impressing  an  impedance  modulation. 
In  practice  the  modulation  is  obtained  switching 
periodically  the  electrical  state  of  a  non-linear  device, 
connected  as  load  for  the  probe,  between  two  different 
electrical  states. 


3.  THE  EXPERIMENTAL  SETUP 

In  order  to  investigate  on  the  applicability  of  the 
technique  to  shielding  evaluation  of  real  enclosures  and 
on  the  performances  of  the  experimental  system 
developed,  measurements  have  been  carried  out,  in  the 
frequency  range  400  -  1000  MHz,  on  a  brass 
rectangular  box  (30  cm  x  30  cm  x  12  cm,  wall  thickness 
1  mm)  having  a  rectangular  aperture  (20  cm  x  3  cm)  on 
one  face.  This  enclosure  has  been  placed  on  a  dielectric 
support  and  it  has  been  exposed  to  the  electromagnetic 
field  generated  in  a  semianechoic  chamber  (with 
additional  anechoic  material  placed  on  the  floor)  by  a 
logperiodic  antenna.  As  sketched  in  figure  2,  the 
experimental  system  was  composed  by  a  signal 
generator,  a  power  amplifier,  a  dual  directional  coupler 
and  a  monostatic  MST  measurement  system. 

All  the  devices  forming  the  experimental  set-up 
system  was  arranged  outside  the  semianecoic  chamber, 
in  order  to  improve  the  overall  measurement  accuracy. 

As  depicted  in  figure  2,  the  enclosure  has  been 
exposed  to  the  incident  electromagnetic  field  with  .the 
aperture  directed  towards  the  source  antenna  and,  for 
every  considered  frequency,  the  received  MST  voltage 
has  been  detected  and  registered  first  without  the  box 
and  then  with  the  box  present,  as  represented  in  figure 
3a  and  3 b.  As  already  mentioned  there  is  no  physical 
connection  between  the  measurement  system  and  the 
field  probe,  so  the  perturbations  introduced  in  the 
electromagnetic  field  under  measurement  are  very 
limited. 

Since  the  measurement  system  is  based  on  the 
monostatic  set-up  of  the  MST,  the  low  frequency 
voltage  obtained  is  propotional  to  the  square  of  the 


Fig.  2:  Experimental  set-up  for  shielding  effectiveness 
evaluation  of  a  rectangular  box  via  a  monostatic  MST. 

electromagnetic  field  present  where  the  probe  is  placed. 
Then  if  E0  is  the  electric  field  present  when  the  box 

is  removed,  E  the  electric  field  when  the  box  is 
present,  V^ST  and  yMST  the  corresponding  low 

frequency  voltages  available  from  the  measurement 
system,  then  the  shielding  effectiveness  can  be 
calculated  as: 


pot 

S E[dB ]  =  20  Logl0  -pi-  = 

_ J  1  (4) 

JyMST  yMST 

yMsF  =  l0L°S  IOJmF 

The  measurement  results  obtained  for  the  center  of 
the  rectangular  box  in  the  frequency  range  400-1000 
MHz  are  reported  in  figure  4  and  are  compared  with  the 
corresponding  data  obtained  by  means  of  an  analytical 
formulation,  based  on  a  transmission  line  modeling  of 
the  electromagnetic  phenomena,  recently  proposed  by 
Robinson  et  al.  [8]. 


Monostatic  MST 
measurement  system 


MST  probe  antenna 


a)  Reference  level  measurement 


Monostatic  MST 
measurement  system 


Shielding  enclosure  (OUT) 


b)  Loaded  level  measurement 


Figure  3:  Field  reduction  properties  of  an  enclosure  via 
MST:  3a  reference  level  measurement,  3b  loaded  level 
measurement. 
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Figure  4:  Shielding  effectiveness  evaluation  via  MST  of 
a  rectangular  box  (30x30x12  cm)  having  a  rectangular 
aperture  (20x3  cm). 


As  can  be  observed  in  figure  4  there  is  an  acceptable 
accordance  between  the  two  data  set,  especially  in  the 
frequency  range  where  resonance  phenomena  inside  the 
rectangular  box  occur.  Due  to  the  limited  power  level 
available  and  to  the  weak  signals  detected  from  the 
MST  experimental  measurement  set-up,  it  was  very 
difficult  to  acquire  the  loaded  level  in  the  frequency 
ranges  where  the  box  presents  shielding  effectiveness 
values  greater  then  10  dB.  As  a  consequence,  further 
developments  of  this  application  will  be  devoted  to 
obtain  a  more  sensitive  measurement  system. 
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4.  CONCLUSIONS 

The  use  of  the  Modulated  Scattering  Technique 
(MST)  for  the  determination  of  field  reduction 
properties  of  real  enclosures  has  been  proposed.  Some 
experimental  results  obtained  via  laboratory  prototype 
system  for  a  rectangular  box,  having  an  aperture,  have 
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The  results  have  also  been  compared  with  the 
corresponding  data  obtained  by  means  of  an  analytical 
formulation,  showing  the  applicability  of  the  technique. 
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Method  of  measuring  disturbances  at  telecommuni¬ 
cation  ports  have  been  published  by  IEC/CISPR  22.  A 
method  using  both  the  disturbance  voltage  and  current 
is  useful  because  it  does  not  require  any  impedance 
stabilization  networks  (ISNs).  In  this  paper,  the  values 
measured  using  this  method  are  theoretically  and 
experimentally  compared  with  the  values  measured 
using  ISN.  The  results  shows  that  the  method  can  be 
used  to  measure  the  disturbances  by  taking  into  account 
the  margin,  and  the  margin  can  be  reduced  to  improve 
the  phase  angle  characteristics  of  the  common  mode 
impedance  with  ISNs. 

1.  INTRODUCTION 

In  1998,  CISPR  published  CISPR  Publication  22 
Third  edition  (CISPR  22)  [1],  which  contained  the 
limits  and  measurement  method  for  disturbances  at 
telecommunication  ports  of  information  technology 
equipment  (ITE). 

Disturbances  at  the  telecommunication  ports  of  ITE  are 
generally  measured  using  an  impedance  stabilization 
network  (ISN)  as  specified  in  CISPR  22  [1],  There  are 
many  kinds  of  telecommunication  ports;  for  example,  a 
private  branch  exchange  (PBX)  has  several  thousand 
wire  terminals  and  the  latest  high-speed  LAN  [2]  use  an 
8-wire  telecommunication  port,  but  CISPR  22  only 
specifies  ISNs  for  2-  and  4- wire  ports. 

The  method  measured  both  the  voltage  and  the  current 
of  the  disturbance  is  describes  in  annex  C  of  CISPR  22 
[1]  as  one  of  the  alternative  methods  that  should  be 
applied  when  a  suitable  ISN  is  not  available.  The 
method  can  be  used  to  measure  disturbances  at  any  kind 
of  ports  as  well  as  high-speed  LAN  ports  because  it  does 
not  use  any  ISN.  According  to  the  report  [3],  the 
disturbances  measured  by  this  method  are  always  larger 
than  those  measured  by  ISN.  However,  this  has  not  yet 
been  confirmed. 

In  this  paper,  we  investigate  the  deviations  of  the 
measured  disturbances  using  the  method  described  in 
annex  C  1.3  and  using  ISN.  An  equivalent  circuit  is 
studied  for  the  measurement  set-up  of  the  disturbances. 
The  disturbance  levels  measured  using  both  methods  are 
calculated  based  on  the  equivalent  circuit.  An  equation 
to  calculate  the  margin,  which  means  the  value  added  to 


the  disturbances  level  measured  by  the  method  of  annex 
C  1.3  is  always  guaranteed  to  be  large  compared  with 
the  level  measured  by  ISNs,  is  derived  from  the 
simulation  results.  Experiment  an  actual  equipment  is 
described  to  confirm  the  theoretical  result. 

2.  MEASUREMENT  METHOD  IN  ANNEX  C  1.3 

The  test  set-up  described  in  annex  C  1.3  of  CISPR  22 
is  illustrated  in  Fig.  1.  It  is  used  to  measure  both  the 
voltage  and  current  of  the  disturbance,  and  the  most 
severe  value  compared  with  the  relevant  disturbance 
limits  is  used  for  the  test  results  [6],  Ferrite  clamps  or 
similar  devices  can  be  inserted  between  the  measurement 
point  and  the  associated  equipment  (AE)  to  reduce  the 
deviation  of  the  common-mode  impedance  when  an  ISN 
is  used. 

Current  Capacitive- 


EUT:  equipment  under  test  AE:  associate  equipment 


Fig.  1  Test  set-up  described  in  annex  C.1.3. 

The  equivalent  circuit  for  the  test  set-up  in  Fig.  1  is 
shown  in  Fig.  2.  In  Fig.  2,  V  and  I  arc  the  voltage  and 
the  current  of  disturbance,  respectively,  and  Vr  and  Ir  are 
the  voltage  and  the  current  using  ISN.  The  common¬ 
mode  impedance  Z,  is  specified  by  CISPR  22.  E  is  a 
disturbance  source,  Z\  is  the  internal  impedance  of  the 
disturbance  source,  and  Z2  is  the  common  mode 
impedance  when  we  show  the  AE  from  A  point  in  Fig. 
1 .  The  effect  of  the  current  probe  and  the  capacitive 
voltage  probe  are  not  considered  in  this  circuit  because 
the  impedance  between  the  current  probe  and  the  cable  is 
less  than  25  pF,  as  described  in  CISPR  16-1  [4],  The 
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capacitive  voltage  probe  used  in  this  experiment  also 
satisfies  this  specification. 


(a)  Using  annex  C.  1.3.  (b)  Using  ISN. 


Fig.  2  Equivalent  circuit  for  measuring  disturbances 
at  telecommunication  ports. 

From  the  equivalent  circuit,  the  deviations  between  the 
measured  results  using  the  method  in  annex  C  1.3  [1] 
and  using  ISN  is  given  by, 

Fv  =  V/Vr  =  {Z2(Z,+Zr)}/{Zr(Z,+Z2)},  (1) 

F,  =  I/Ir  =  (Z,+Zr)/(Z,+Z2),  (2) 


The  Ft  value  is  calculated  to  investigate  whether  Ft  is 
larger  than  1  or  not  in  all  cases.  The  range  of  the 
parameters  and  these  steps  are  shown  in  Table  1.  The 
amplitude  of  Zi  and  Z2  changes  from  1  to  10,000  for  the 
typical  range.  The  angle  of  Zi,  Z2,  and  Zr  and  the 
amplitude  of  Z,  changes  in  the  allowable  range.  The  step 
sizes  in  Table  1  are  selected  to  get  a  sufficient  accuracy. 


Table  1  Calculation  parameters 


Parameters 

Range 

Step 

|Zj| 

1  - 10,000 

10log(10000)/50 

arg(Zj) 

-71/2  -  tc/2 

71/18 

|z2l 

1  - 10,000 

10log(10000)/50 

arg|Z2| 

-tc/2  -  7t/2 

71/18 

lZ^ 

130-150 

10 

arg(Zr) 

-7C/9  -  71/9 

71/18 

where  V  and  I  are  the  measurement  results  using  the 
method  in  annex  C  1 .3  and  Vr  and  Ir  are  the 
measurement  results  using  ISN.  Here,  we  present 


Zi  = 
Z2  = 

z,= 


Zi  cosOi  +  jjZi  sinGi , 
Z2cos02  +  j|Z2  sin02 , 
Zr|cos0r  +  j|Zr|sin0r , 


(3) 

(4) 

(5) 


Substituting  Eqs.  (3),  (4),  (5)  into  Eq.  (2),  we  get 


|Zi|2+|Zr|2+2|Zr||Zi|cos(0|-0r) 

|Zi|2+|Z2|2+2|Z2||Zi|cos(0,-02). 


From  Eq.  (1), 

|F  v|={  |Z2|/|Zr|  }|Fr|. 


(6) 


(7) 


The  larger  the  deviations  from  Vr  and  Ir,  the  more 
severe  the  measured  value  is  to  the  specified  value. 
Thus,  the  test  results  are  given  by 


Ft  = 


(|Fv|  >  |F, ) 
(|F.|  >  |FV). 


(8) 


The  amplitude  of  Zi  and  Z2  can  change  from  0  to  an 
infinite  value  and  these  phase  angels  can  change  from 
tc/2  to  -7t/2.  The  amplitude  of  Zt  can  change  from  130 
£2  to  170  £2  [1]  and  its  phase  angle  can  change  from  (- 
2/9)n  to  (2/9)7i:  according  to  the  specifications  [1], 
These  are  changes  independently.  In  such  conditions, 
we  should  confirm  whether  Ft  is  always  more  than  1  or 
not. 

This  paper  investigate  it  theoretically  and 
experimentally. 


3.  CALCULATION  OF  F, 


nl2 


-rt/2 


Fig.  3  Calculation  results  of  Ft  values 

The  calculation  results  of  the  F,  value  are  shown  in 
Fig.  3  when  the  Zi,  Z2,  and  Zr  change.  The  gray  part  in 
Fig.  3  represents  the  calculated  F,  values.  When  F,  is 
more  than  2,  we  set  Ft  to  be  2.  The  results  show  that 
the  minimum  value  of  F,  is  less  than  1.  There  is  a 
possibility  that  the  values  measured  using  the  method 
described  in  Annex  C  1.3  is  lower  than  those  using 
ISNs,  which  is  the  formal  method  of  CISPR  22.  So,  the 
minimum  value  of  F,  is  calculated  when  this  is  lower 
than  1 .  It  is  difficult  to  calculate  the  Ft  value  analytically 
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because  the  calculation  results  changes  by  the  values  of 
|FV|  and  |F||  as  shown  in  Eq.  (8).  First,  we  investigate 
the  conditions  when  F,  is  the  minimum  value. 

There  are  six  parameters  as  shown  in  Table  1 .  Here,  we 
set 


a  -  |Zi|/|Zr|  (lO^aiS  IO4),  (9) 

b  =  |Z2|/|Z,|  (10u  <  b  £104),  (10) 

C  =  0i-02  (-Tt^cSTt),  (11) 

d  =  0,-0,  (-(11/9)k  5  d  ^  (1  1/9)tc).  (12) 

The  range  of  a,  b,  c,  and  d  are  determined  by  the  range 
of  the  parameters  listed  in  Table  1. 

Substituting  Eqs.  (9)-(12)  into  Eqs.  (6)  and  (7),  we  get 

I F i]=>/{  a'+ 1  +2acos(d)  }/{ai+bi+2abcos(c) }  ,  (13) 

|Fv|=b|F,|.  (14) 


These  parameters  change  independently  of  each  other. 
When  we  calculate  the  dependence  of  one  parameter,  the 
other  parameter  is  considered  as  a  constant. 

Comparing  Eqs.(13)  and  (14)  with  Eq.  (6)  and  (7),  the 
number  of  parameters  is  reduced  from  6  to  4.  The 
conditions,  where  Ft  is  the  minimum,  are  investigated 
using  Eqs.  (8),  (13),  and  (14). 


c  (deg) 

Fig.4  Calculation  results  of  normalized  conversion 
factor  when  a,  b,  and  d  are  parameters. 


Figure  5  shows  the  Ft(a,b,0,d)  values  when  the  b  value 
changes  from  0.01  to  100.  The  parameters  of  a  and  d 
Figure  4  shows  the  Ft(a,b,c,d)  values  when  c  value 
changes  from  -n  to  7t.  The  parameters  of  a,  b,  and  d 
change  as  shown  in  Eqs.  (9),  (10),  and  (12).  The  step 
size  of  a  and  b  is  108750  and  that  of  c  and  d  is  7i/18.  The 
vertical  axis  presents  F,(a,b,c,d)  normalized  by 
Ftmin(a,b,c,d),  which  is  the  minimum  value  of 
F,(a,b,c,d).  When  Ftmi„(a,b,c,d)  is  more  than  1,  the 
calculated  results  are  not  shown  in  this  figure  because 
we  do  not  need  to  consider  these  conditions.  When  c  is 
zero,  the  Fmii„(a,b,c,d)  is  the  minimum  for  all  a,  b,  and 
d  ranges.  We  therefore  get 


Ftmi„(a,b,c,d)=  Flroi„(a,b,0,d).  (15) 

Figure  5  shows  the  F,(a,b,0,d)  values  when  the  b  value 
changes  from  0.01  to  100.  The  parameters  of  a  and  d 
change  as  shown  in  Eqs.  (9)  and  (12).  When  the 
Fmi„(a,b,0,d)  is  more  than  1,  the  calculated  results  are 
not  shown  in  this  figure.  The  vertical  axis  is  the 
F,(a,b,0,d)  value  normalized  by  Fmi„(a,b,0,d).  This 
figure  shows  that  the  Flroill(a,b,0,d)  is  the  minimum  for 
all  cases  when  b  is  1.  Therefore,  we  get 

Ftmin(U»b,C,d)  —  Ftmm  (a,  1 ,0,d) 

=  Fvmin(a,l,0,d) 

=  Ftainfa.l.O.d) 

=  a‘+l+2acos(d)  }/{ai+l+2a} 

=  ^-2(1-  cos(d)}/  F,(aj,  (16) 

where 

F,(a)  =  a+(l/a)+2  .  (17) 


b 

Fig.5  Calculation  results  of  normalized  conversion 
factor  when  a, and  d  are  parameters. 


InEq.  (16), 

{1  -cos(d)}  £  0  .  (18) 

Then,  when  F„(a)  is  the  minimum,  Fm,in(a,l,0,d)  is  the 
minimum.  The  value  of  a,  when  F,(a)  is  the  minimum, 
is  obtained  in  the  following; 

dF1(a)/da  =  (1-1/a2)  =0.  (19) 

Using  a  >  0,  a  of  1  is  obtained.  Then, 

F  tmin  (^jb,C,d)  ~  F|min(l ,  1 ,0,d) 

=  s/0.5  +  cos  (dj/2  (20) 

From  Eq.  (20),  d  value  of  -(1 1/9)  n  or  (11/9)  7t  is 
obtained  when  F^in/a.b^.d)  is  the  minimum.  From 
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Table  1  and  Eq.  (12),  d  of  -(1 1/9)  n  means  0r  is  -(2/9)  n 
and  0i  is  -n/2  while  d  of  (1 1/9)  n  means  0r  is  (2/9)jc 
and  0i  is  n/2.  This  means  that  Ftmm(a,b,c,d)  is  the 
minimum  when  0i  is  n/2  or  -n/2. 

Figure  6  shows  Fmm(l,l,O,Jt/2-0r),  0r<O  and 
Fm.in(l,l,O,-rt/2-0r),  0<>O.  The  vertical  axis  in  Fig.  6  is 
the  Ftmin  which  means  the  minimum  value  of  the 
conversion  factor  in  dB,  and  the  horizontal  axis  is  0r 
which  means  the  allowable  deviation  of  ISN  phase 
angle.  The  value  of  0  dB  means  that  the  values 
measured  using  the  method  in  annex  C  1.3  agrees  with 
the  values  measured  using  ISNs.  This  figure  shows  that 
Ftmin  is  the  maximum  when  0,  is  0  and  decreases  in 
proportion  as  increase  of  absolute  value  of  0r. 

The  -Ftmin  in  Fig.  6  can  be  considered  as  a  type  of  the 
margin  because  the  value  adding  -Ftmin  and  the  value 
measured  using  the  method  in  annex  C  1 .3  is  always 
larger  than  that  of  ISNs.  So,  Eq.  (20)  shows  that  the 
margin  decreases  in  proportion  with  the  deviation  of  the 
ISN’s  phase  angle.  When  0r  is  n/9,  which  is  the 
specification  of  CISPR  22  [9],  F,min  of  -4.8  dB  is 
obtained. 


j2  Angle  of  ISN  common-mde  impedance  (deg.) 
H 


Fig.  6  The  minimum  value  of  conversion  factor  when 
the  angle  of  an  ISN  common-mode  impedance 
changes 


4.  EXPERIMENT 

The  set-up  used  to  measure  disturbances  is  illustrated 
in  Fig.  7.  Telecommunications  equipment  was  used  as 
the  equipment  under  test  (EUT).  A  4-wire 
telecommunications  line  was  used  to  connect  the  EUT 
to  the  AE.  An  ISN,  an  absorbing  clamp,  and  a 
capacitive  clamp  were  used  to  stabilize  the  common¬ 
mode  impedance  between  the  wires  and  ground.  A 
current  probe  satisfying  the  requirement  in  CISPR  16-1 
[4]  was  used  to  measure  the  common  mode  current.  The 
capacitive-voltage  probe  with  an  electrostatic  shield  [5] 
was  used  to  measure  the  common  mode  voltage,  and  it 
was  placed  30  cm  away  from  the  EUT.  The  conversion 
factor  of  the  capacitive-voltage  probe  was  measured  by  a 
network  analyzer  where  the  same  cable  used  in  the 
experiment  is  inserted  in  the  probe  and  is  terminated  by 
50  £2.  The  disturbance  value  Vr  was  also  measured 


using  an  ISN  for  reference.  The  values  subtracting  44  dB 
from  V,  are  used  as  the  reference  Ir  for  the  measurement 
using  a  current  probe.  The  absorbing  clamp,  the 
capacitive  clamp,  and  an  ISN,  which  are  used  to 
stabilize  the  common-mode  impedance,  are  inserted 
between  the  voltage  probe  and  AE  to  investigate  the 
effect  of  the  common-mode  impedance  stabilization. 


Current  probe  Capacitive- 
voltage  probe 

Devices  used] 
to  stabilize 
impedance 


80  cm 


AC  mains  cable 


Conductive  reference  plane 
AMN:  artificial  mains  network 


Measurement 

apparatus 


Fig.  7  Experimental  set-up  used  to  measure 

disturbances  at  telecommunication  ports  using 
both  current  probe  and  capacitive-voltage  probe. 


The  measurement  results  are  shown  in  Fig.  8.  In  this 
figure,  the  vertical  axis  is  the  deviations,  which  are  the 
larger  values  of  V/V,  or  I/Ir  for  each  frequency. 

The  measured  values,  when  the  ISN  was  used  for 
impedance  stabilization,  are  almost  the  same  as  the 
reference  values.  This  means  that  the  measured  results 
using  the  method  described  in  annex  C  1.3  [1]  agree 
with  the  results  of  ISNs  when  the  common-mode 
impedance  is  the  same  value  of  ISN. 


_ i . . 1 

0.1  1  10 


Frequency  (MHz) 

Fig.  8  Measured  deviation  from  reference  value. 

The  measured  values  not  using  ISN  are  different  from 
the  values  using  ISN  in  most  of  the  measured  frequency 
points,  and  the  maximum  deviation  was  more  than  20 
dB  at  0.2  MHz.  The  values  not  using  ISN  are  less  than 
those  using  ISN  at  around  6  MHz.  Therefor,  some 
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margin  is  needed  to  guarantee  that  the  measured  values 
using  this  method  are  always  larger  than  those  of  ISNs. 
The  estimated  margin  in  Fig.  8  indicate  0  dB  line 
when  the  margin  calculated  using  Eq.  (20)  is 
considered.  Seven  degrees,  which  is  the  measured  value 
of  ISN  in  the  experiment,  is  used  as  the  deviation  of  the 
angle  with  the  common-mode  impedance.  All  measured 
values  are  above  this  line.  The  results  show  that  the 
disturbances  were  measured  by  the  method  described  in 
annex  C  1.3  taking  into  consideration  with  the  margins 
calculated  using  Eq.  (20). 

The  measured  disturbances,  when  the  absorbing  clamp 
and  the  capacitive  clamp  were  used,  were  almost  the 
same  as  the  value  when  stabilization  devices  were  not 
used.  This  means  that  other  methods  should  be  studied 
so  as  to  reduce  the  deviation  between  the  value 
measured  using  this  method  the  value  measured  using 
an  ISN. 

5.  CONCLUSION 

The  disturbances  at  telecommunication  ports  were 
measured  by  using  the  method  described  in  CISPR  22 
annex  C  1.3.  This  method  is  useful  to  measure  the 
disturbances  at  telecommunications  ports  because  it  can 
apply  to  any  kind  of  telecommunication  port.  This 
paper  investigated  whether  the  method  can  always 
measure  larger  values  than  the  values  using  ISNs. 

The  theoretical  analysis  and  experiment  indicate  that 
the  values  using  this  method  were  lower  than  those 
using  ISNs  and  this  is  not  so  rare  because  of  the 
disturbances  measured  for  a  wide  frequency  range.  The 
theoretical  analysis  shows  that  the  margin  can  be 
calculated  by  using  a  simple  equation,  and  the  margin 
can  be  reduced  to  improve  the  phase  angle  deviation  of 
ISNs.  The  experiment  also  indicates  that  the  method 
can  be  used  to  measure  the  disturbances  by  taking  into 
account  the  margin. 

Future  work  will  the  study  methods  of  stabilizing  the 
common-mode  impedance. 
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Abstract 

Weighting  of  interference  for  its  effect  on  modem  digital 
radiocommunication  systems  is  a  prerogative  for  the 
future  definition  of  emission  limits.  The  effect  on  radio¬ 
communication  services  depends  on  the  type  of  inter¬ 
ference  (e.g.  broadband  or  narrowband,  pulse  rate  etc.). 
The  paper  explains  the  classical  concept  of  pulse 
weighting  to  analog  radio  systems  defined  in  CISPR 
standards,  introduces  a  concept  for  the  definition  of 
weighting  of  interference  to  digital  radiocommunication 
systems  and  gives  new  experimental  results  of  weight¬ 
ing  curves.  Finally  the  results  are  analysed  with  respect 
to  their  common  response  and  shape. 

1.  INTRODUCTION 

1.1  Origin  and  function  of  the  quasi-peak  detector 

When  broadcasting  services  started  to  enter  homes  in 
the  twenties,  it  became  obvious  that  radio  interference 
had  to  be  limited  in  order  to  enable  an  acceptable  re¬ 
ception  of  the  new  service.  As  a  consequence  the  Inter¬ 
national  Special  Committee  on  Radio  Interference 
(CISPR)  was  founded  in  1934  [1]  for  the  development  of 
measuring  equipment  and  procedures.  It  took  several 
publications  until  in  1975  all  necessary  CISPR  publica¬ 
tions  had  been  developed  establishing  quasi-peak  de¬ 
tection  for  all  frequency  ranges  up  to  1000  MHz. 

Rel.  input  level  for  constant  indication  in  dB 


Fig.  1:  Weighting  curves  of  quasi-peak  measuring  re¬ 
ceivers  for  the  different  frequency  ranges  as  defined  in 
CISPR  16-1  [2], 


It  is  necessary  to  add  that  the  effect  of  narrowband 
interference  was  found  to  be  typically  10  dB  higher  than 
that  of  impulsive  interference,  which  had  to  be  taken  into 
account  in  different  limits  for  narrowband  and  broadband 
disturbances  (now  limits  for  the  average  and  the  QP 
detector). 

1 .2  Other  detection  functions 

1.2.1  Peak  detector 

The  peak  detector  follows  the  signal  at  the  output  of  the 
IF  envelope  detector  and  holds  the  peak  value  until 
discharge  is  forced.  The  indication  is  independant  of  the 
pulse  repetition  frequency. 

1.2.2  Average  detector 

The  average  detector  determines  the  linear  average  of 
the  signal  at  the  output  of  the  IF  envelope  detector. 
Since  1985  the  CISPR  specifies  emission  limits  using 
the  average  detector  in  addition  to  QP  limits  for  con¬ 
ducted  emissions. 

1 .2.3  RMS  detector 

The  RMS  detector  determines  the  rms  value  of  the  sig¬ 
nal  at  the  output  of  the  IF  envelope  detector.  It  is  de¬ 
scribed  in  CISPR  16-1,  but  it  has  no  practical  use  in  EMI 
measurements  up  to  now. 


pulse  repetition  frequency  (PRF) 


dB 

Fig.  2:  Weighting  curves  of  peak,  QP,  rms  and  average 
detectors  in  CISPR  Band  B 

1.2.4  Amplitude  probability  distribution  (APD) 

For  the  assessment  of  the  interference  effect  on  a  radio 
channel,  the  APD  is  a  suitable  basis  [3].  This  however 
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cannot  be  called  a  weighting  detector  because  it  does 
not  give  one  measurement  result  per  frequency  but  the 
probability  of  occurrence  of  certain  amplitudes  as  a 
function  of  the  amplitude.  The  APD  has  been  proposed 
for  standardization  in  CISPR  recently. 

2.  DIGITAL  RADIOCOMMUNICATION  SERVICES 

2.1  General 

All  modern  radio  services  use  digital  modulation 
schemes.  This  is  not  only  true  for  mobile  radio  but  also 
for  audio  and  TV.  Procedures  for  data  compression  and 
processing  of  analog  signals  (voice  and  picture)  are 
used  together  with  data  redundancy  for  error  correction. 
Usually,  up  to  a  certain  critical  bit-error  rate  (BER),  the 
system  can  correct  errors  so  that  perfect  reception  oc¬ 
curs. 

2.2  System  characteristics 

Whereas  analog  radio  systems  require  signal-to-noise 
ratios  of  as  much  as  50  dB  for  satisfactory  operation,  in 
general,  digital  radio  communication  systems  allow 
error-free  operation  down  to  signal-to-noise  ratios  of  e.g. 
10  dB.  However  the  transition  region  from  error-free 
operation  to  malfunction  is  small.  Therefore  planning 
guidelines  for  digital  radio  are  based  on  almost  100% 
coverage.  When  the  digital  radio  receiver  operates  at 
low  input  levels,  the  sensitivity  to  radio  disturbance  is 
important.  In  mobile  reception,  the  sensitivity  to  radio 
disturbance  is  combined  with  the  problem  of  multi-path 
propagation. 

2.3  A  CISPR  Project  and  an  ITU-R-Study  question 
Both  CISPR  [4]  and  ITU-R  [5]  adopted  Study  Questions 
dealing  with  the  effect  of  different  kinds  of  interference 
on  radio  signals.  ITU-R  Study  Question  202/1  is  titled: 
"Characterization  and  measurement  of  various  interfer¬ 
ence  sources  to  digital  communication  services  (ac¬ 
cording  to  their  interference  effect)". 

3.  WEIGHTING  OF  INTERFERENCE  TO  DIGITAL 

RADIOCOMMUNICATION  SYSTEMS 

Up  to  now  there  has  been  little  progress  in  both  CISPR 
and  ITU-R.  The  work  to  do  is  to  determine  the  interfer¬ 
ence  effect,  find  a  compromise  solution  for  a  weighting 
detector  including  measurement  bandwidth,  define  limits 
etc. 

3.1  Principle  of  Weighting  Function  Measurement 
The  significance  of  the  weighting  curve  for  Band  B  in 
Fig.  1  is  the  following:  the  degradation  of  reception 
quality  by  a  100-Hz  pulse  observed  by  a  radio  listener  is 
equal  to  the  degradation  by  a  10-Hz  pulse,  if  the  pulse 
level  is  increased  by  an  amount  of  10  dB.  In  analogy  to 
the  above,  an  interference  source  with  certain  charac¬ 
teristics  will  produce  a  certain  bit  error  rate  (BER),  e.g. 
10-3  in  a  digital  radiocommunication  system,  when  the 
interfering  signal  is  received  in  addition  to  the  radio 
signal.  The  BER  will  depend  e.g.  on  the  pulse  repetition 
frequency  (PRF)  and  the  level  of  the  interfering  signal. 
In  order  to  keep  the  BER  constant,  the  level  of  the  in¬ 
terfering  signal  will  have  to  be  readjusted  while  the  PRF 
is  varied.  This  level  variation  vs.  PRF  determines  the 
weighting  function. 


Measurement  systems  with  BER  indication  are  needed 
to  determine  the  required  level  of  the  interfering  signal 
for  a  constant  BER. 


Fig.  3:  Test  setup  for  the  determination  of  the  interfer¬ 
ence  signal  level  fora  certain  BER. 


In  a  system  as  shown  in  Fig.  3  the  radio  receiver  will 
have  to  decode  the  transmitted  information  and  com¬ 
pare  it  with  the  undisturbed  correct  information  in  order 
to  determine  the  BER.  Such  systems  are  available  and 
have  been  used  in  [6],  In  other  systems  the  decoded 
information  is  looped  back  to  the  radio  signal  source 
and  compared  there  to  get  the  BER.  The  latter  is  true  for 
Mobile  Radio  Testers. 

Different  digital  radiocommunication  systems  will  of 
course  not  respond  in  the  same  way  to  interference. 
Therefore  a  compromise  solution  will  have  to  be  found 
to  cover  as  many  digital  radiocommunication  systems  as 
possible. 

3.2  Generation  of  Interference  signals 
A  signal  generator  with  pulse-modulation  capability  can 
be  used  to  generate  the  interference  signal.  For  correct 
measurements,  the  pulse  modulator  requires  a  high 
ON/OFF  ratio  of  more  than  60  dB.  Using  the  appropriate 
pulse  width,  the  interference  spectrum  can  be 
broadband  or  narrowband,  where  the  definition  of 
broadband  and  narrowband  is  relative  to  the  communi¬ 
cation  channel.  Fig.  4  gives  an  example  of  an  interfer¬ 
ence  spectrum  used  for  the  determination  of  weighting 
functions. 


dBuV 


Fig.  4:  Interference  signal  consisting  of  a  pulse  width  of 
0,1  ps  with  a  pulse  repetition  frequency  of  1  MHz.  The 
signal  generator  level  is  47  dB(pV).  The  spectrum  above 
was  measured  with  a  impulse  bandwidth  of  1  MHz  and 
the  peak  detector. 


353 


The  advantage  of  using  a  band-limited  pulse  spectrum 
instead  of  a  broadband  pulse  generator  is  to  avoid 
overloading  of  the  receiver  under  test.  Otherwise  the 
weighting  function  would  be  deteriorated  by  non-linearity 
effects.  In  addition  to  pulse-modulated  carriers,  un¬ 
modulated  carriers  were  used  to  determine  the  sensitiv¬ 
ity  of  different  systems  to  different  types  of  EMI. 

3.3  Other  principles  of  measurement 

The  receiver  under  test  should  receive  a  signal  which  is 
just  sufficient  to  give  quasi  error-free  reception  (e.g.  a 
BER  =  10-7  or  a  factor  of  10-3  lower  than  the  critical 
BER).  Thus  the  receiver  operates  like  a  receiver  at  the 
rim  of  a  coverage  area,  where  a  disturbance  above  the 
emission  limit  can  easily  cause  interference. 

For  radio  telephone  systems,  where  downlink  (to  the 
mobile)  and  uplink  (to  the  base  station)  frequencies  are 
in  different  bands,  the  use  of  a  pulse  modulated  carrier 
helps  to  concentrate  the  interference  on  the  mobile 
receiver  and  thus  avoids  to  interfere  with  the  loop-back 
connection. 

4.  MEASUREMENT  RESULTS 

Coding  for  error  correction  is  characteristic  of  all  digital 
radiocommunication  systems.  In  most  cases  this  is  ac¬ 
complished  by  adding  e.g.  tail  bits  within  data  frames 
and  convolutional  coding  and  by  interleaving  to  avoid 
error  bursts.  GSM,  DECT  and  TETRA  are  based  on 
Time  Division  Multiple  Access  (TDMA),  whereas  IS-95 
and  J-STD  008  are  based  on  Code  Division  Multiple 
Access  (CDMA).  DAB  and  DVB-T  use  Orthogonal  Fre¬ 
quency  Division  Multiplex  (OFDM).  For  the  tests  below, 
BER  values  have  been  chosen  individually  for  each 
system. 

4.1  GSM  system 

The  European  digital  cellular  telecommunication  system 
operates  in  the  900  MHz  (GSM  900)  and  1800  MHz 
(GSM  1800)  frequency  bands.  The  offset  between  up¬ 
link  (mobile  to  base  station)  and  downlink  is  45  MHz 
(GSM  900)  resp.  95  MHz  (GSM  1800).  The  occupied 
bandwidth  is  300  kHz  and  channel  spacing  is  200  kHz. 
Modulation  for  constant  spectrum  envelope  is  achieved 
with  Gaussian  Minimum  Shift  Keying  (GMSK).  The  error 
correction  mechanisms  applied  are  different  for  traffic 
channels  (1b  bits)  and  other  bits  (Class  2  bits).  There¬ 
fore  different  bit  error  rates  apply:  BER,  RBER  1b  and  2 
(residual  BER)  and  FER  (Frame  error  rates). 


QSM  1100  ErieMOn  downlink  f  - 1160.1  MHz  RBER  1b  ■  0,4%  4001mm*. 


Fig.  5:  Weighting  functions  for  RBER  1b  of  GSM.  The 
curves  are  characteristically  rising  below  2  kHz  PRF. 


The  results  shown  in  Fig.  5  are  very  similar  to  the  BER 
and  RBER  1b  curves  of  Fig.  6.  Fig.  6  presents  results 
obtained  by  Dr.  U.  Neibig  of  Bosch,  Germany,  using  the 
simulation  software  COSSAP.  Unfortunately  measure¬ 
ments  below  a  PRF  of  1  kHz  were  not  possible  due  to 
instability  of  the  test  system. 

CM  ImprovMfMM  tor  t  =  10  pa 


Fig.  6:  Carrier-to-interference  improvements  in  dB  com¬ 
puted  for  GSM  using  COSSAP 

4.2  DECT  system 

DECT  stands  for  Digitally  Enhanced  Cordless  Tele¬ 
phone  and  is  used  in  homes  and  offices  for  distances  up 
to  300  m  (in  picocells).  It  provides  10  channels  spaced 
1,728  MHz  apart  in  the  frequency  range  1,88  to  1,90 
GHz.  The  occupied  bandwidth  is  «  1,5  MHz.  For  speech 
data  reduction  Adaptive  Differential  Pulse  Code  Modu¬ 
lation  (ADPCM)  is  used.  Modulation  is  done  with  GMSK. 
The  data  stream  for  testing  is  Pseudo  Random  Binary 
Sequence  (PRBS). 


DECT  FP  f*  11*7 ,344MHz,  BER  *2%,  Evaluation  Tim*  ■  S.Oa 


Fig.  7:  Weighting  functions  for  DECT  show  a  flat  respon¬ 
se  in  the  upper  PRF  areas  and  a  sharp  rise  below  about 
10  kHz  PRF. 

4.3  TETRA  system 

TETRA  stands  for  Terrestrial  Trunked  Radio  and  is  used 
by  workshops,  the  building  and  construction  industry, 
airports,  haulage  business  and  safety  sen/ices.  It  oper¬ 
ates  in  the  frequency  range  380  to  520  MHz  (in  some 
areas  also  in  870  to  990  MHz)  with  a  data  rate  of  36 
kbit/s  per  carrier,  an  occupied  bandwidth  of  »  25  kHz 
and  channel  separations  of  12,5,  20  or  25  kHz.  Speech 
data  reduction  is  done  using  Algebraic  Code  Excited 
Linear  Prediction  (ACELP)  to  4,8  kbit/s  per  traffic  chan¬ 
nel.  Up  to  four  traffic  channels  are  normally  transmitted 
on  one  carrier.  The  error  protection  may  be  high  or  low, 
depending  on  the  code  rate.  The  modulation  procedure 
is  7t/4-DQPSK.  Fig.  8  shows  the  measured  weighting 
curves  for  a  high  code  rate  =  1  (low  error  protection). 
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TCTRA  downlink f •  SM,0 MHz,  KH*» 


Fig.  8:  Weighting  functions  for  TETRA.  Since  the  pulse 
spectrum  is  much  wider  than  the  channel  bandwidth,  all 
weighting  curves  are  separated  by  the  PRF  ratio  in  dB. 

4.4  CDMA  systems  IS-95  and  J-STD  008 
IS-95/J-STD  008  have  been  specified  by  TIA  (US  Tele¬ 
communications  Industry  Association)  and  are  used  in 
the  frequency  ranges  825  to  900  MHz  (IS-95)  and  1 ,8  to 
2,0  GHz.  The  occupied  bandwidth  is  «  1,4  MHz  (3  dB: 
1.23  MHz).  The  modulation  is  done  with  Quadrature 
Phase  Shift  Keying  (QPSK).  For  the  uplink  (mobile  to 
base  station)  the  optimum  setting  of  the  receive  power 
at  the  base  station  is  controlled  via  power  control  bits. 


IS-M  IotwbN  fa»7M>MHi.  f«R«l%.  «*■*«.  tiM  r.U 


Fig.  9:  Weighting  curves  for  IS-95.  The  immunity  to  in¬ 
terference  is  rather  high  compared  with  other  systems. 

J-STD  000  toward  f  ■  1000.0  MHz.  ««•»,  «  dfcn.  Ml  rata 

d»0*V) 


Fig.  10:  Weighting  curves  for  J-STD  008 

4.5  Digital  Audio  Broadcasting  DAB 
DAB  is  operating  in  the  VHF  (174  to  230  MHz)  and  the  L 
(1452  to  1492  MHz)  bands  with  a  bandwidth  of  1,5  MHz 
per  channel  using  Coded  Orthogonal  Frequency  Divi¬ 
sion  Multiplex  (COFDM)  to  minimise  multipath  fading. 
The  audio  signal  data  rate  is  reduced  by  MUSICAM 
(Masking  pattern  adapted  Universal  Coding  and  Multi¬ 
plexing),  which  is  a  part  of  the  MPEG-2  (Moving  Picture 


Expert  Group)  standard.  The  total  transmitted  bit  rate  is 
2,4  Mbit/s.  The  1500  subcarriers  are  modulated  using 
Differential  QPSK  (DQPSK). 


DAB  DQPSK  MR- 1.0*10  4 
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Fig  11:  Weighting  curves  for  DAB.  The  flat  response 
down  to  approx.  1  kHz  is  characteristic  of  this  system. 

4.6  Digital  Video  Broadcasting  Terrestrial  DVB-T 
DVB-T  is  intended  to  replace  the  existing  analog  TV 
systems.  Data  reduction  is  applied  using  MPEG-2.  Each 
OFDM  spectrum  may  contain  1705  carriers  (2k  modus) 
or  6817  carriers  (8k  modus).  The  individual  carriers  are 
modulated  using  QPSK  or  16  QAM  or  64  QAM 
(Quadrature  Amplitude  Modulation).  The  code  rate  CR  is 
important  for  the  amount  of  error  protection  (CR  =  Vi  is  a 
high  amount  of  error  protection): 

_  No.  of  information  bits _ 

0j  information  bits  +  No.  of  protection  bits 


DVB-T  ( ■  Mt.e  MHz,  QPSK  Ik,  CR  1/7.  BCR  ■  1.0  *  10  4 


Fig.  12:  Weighting  function  for  DVB-T  with  QPSK  and 
CR=1/2,  i.e.  the  highest  amount  of  error  protection. 


DVB-T  f- MO, I  MHz.  M  QAM.  Ik.  CR  7/1.  MR  •  1.0*  10  4 


Fig.  13:  Weighting  function  of  DVB-T  with  64  QAM  and 
CR  =  7/8,  i.e.  an  extremely  low  of  error  protection. 

Figs.  12  and  13  show  two  extremes  of  weighting  func¬ 
tions  for  the  DVB-T  system.  For  other  system  parame¬ 
ters  the  weighting  functions  lie  between  these  two. 
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4.7  Immunity  to  unmodulated  sinewave  signals 
Each  system  has  its  individual  sensitivity  to  unmodu¬ 
lated  sinewaves  -  a  special  type  of  narrowband  interfer¬ 
ence.  This  has  been  measured  for  the  same  amount  of 
BER  as  for  impulsive  interference  (see  Fig.  14). 


Comparlton  or  Syilimi  for  Immunity  to  unmodulated  Slmwavtt 

«0*V) 


Fig.  14:  The  individual  systems  show  different  response 
to  unmodulated  sinewaves:  especially  the  high  immunity 
of  DECT  and  the  low  immunity  of  TETRA  are  unexpec¬ 
ted. 

5.  PROCESSING  OF  MEASUREMENT  RESULTS 

It  is  not  easy  to  derive  a  unified  weighting  curve  for 
future  EMI  measurements  from  the  above  presented 
results.  Before  we  try  to  find  a  compromise  solution,  we 
should  analyse  the  results  as  far  as  possible.  Various 
facts  have  to  be  taken  into  consideration:  e.g.  the 
measurement  bandwidths  should  be  an  average  of  the 
system  bandwidths,  e.g.  10  kHz  for  150  kHz  to  30  MHz, 
100  kHz  for  30  to  1000  MHz  and  1  MHz  for  the  fre¬ 
quency  range  above  1  GHz.  Also  further  systems  (e.g. 
DRM  as  the  replacement  of  AM  broadcasting  or  W- 
CDMA  for  future  mobile  telecommunications  systems) 
will  have  to  be  measured  as  soon  as  equipment  be¬ 
comes  available. 

5.1  Values  referred  to  a  reference  PRF 
For  comparison,  the  curves  should  be  referred  to  a 
reference  PRF  as  is  done  for  the  CISPR  Quasi-Peak.  A 
simple  average  of  the  measured  curves  will  however  not 
be  adequate  for  universal  weighting  curves.  Each  indi¬ 
vidual  curve  will  need  to  be  weighted  with  a  factor  q 
corresponding  to  the  importance  of  the  service. 

rn  Comparison  of  Weighting  Curvet  for  t  ■  1,0  |u  with  Rafaranca  to  10  kHz  -h-o^mbuium 


widths  of  1  ps,  all  referred  to  the  value  of  10  kHz  (QP 
has  been  added  for  comparison) 


5.2  Values  referred  to  the  system  bandwidth 
When  looking  at  the  curves  of  Figs.  5  through  13,  it  is 
obvious  that  all  curves  start  with  a  flat  response  near  the 
PRF  corresponding  to  the  system  bandwidth  and  rising 
then  faster  some  decades  below. 


is  Comparlion  of  lha  Weighting  Curvat  (mobJU)  for  t  ■  1,0  pi  rafarrad  to  tha  Syatam  Bandwidth 


Fig.  16:  Weighting  curves  for  the  mobile  telecommuni¬ 
cation  systems  referred  to  the  individual  system  band- 
widths  and  then  compared  and  averaged. 


Before  final  weighting  curves  can  be  defined,  further 
investigations  are  needed  and  an  expert  group  will  have 
to  weight  the  importance  of  the  individual  systems. 

6.  CONCLUSION 

The  concept  and  a  first  step  towards  weighting  detectors 
of  interference  to  digital  radiocommunication  services 
has  been  presented  in  [6],  The  present  paper  gives 
further  experimental  results  for  mobile  radio  systems 
and  DVB-T  and  one  numerical  example  for  GSM.  All 
curves  are  starting  with  a  flat  response  near  the  system 
bandwidth  and  are  then  rising  increasingly  fast.  Pulse 
repetition  frequencies  below  about  100  Hz  will  not  have 
to  be  measured  since  they  do  not  cause  an  interference 
effect.  Some  further  results  and  weighted  combined 
curves  are  to  be  agreed  among  the  experts. 
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The  shielding  effectiveness  of  cable  TV  distribution 
networks  and  access  networks  in  residential  and  other 
buildings  has  been  investigated  bidirectionally:  by 
measuring  the  leakage  emissions  caused  by  the 
network,  and  by  generating  a  known  interference  field 
with  a  transmitter  and  an  antenna,  and  measuring  the 
level  of  the  interference  leaked  into  the  network.  The 
shielding  effectiveness  of  TV  receiver  connection 
cables  was  measured.  The  field  strength  of 
interference-causing  on-the-air  DAB  transmissions 
was  also  measured,  at  several  sites  at  the  actual  TV 
receiver  locations  inside  buildings.  Most 
measurements  were  done  using  both  horizontal  and 
vertical  polarizations. 


1.  INTRODUCTION 

Terrestrial  digital  audio  broadcast  (DAB) 
transmissions  have  been  started  in  Europe  using 
frequencies  around  200  MHz.  This  created  a  new  EM 
interference  problem  affecting  a  large  number  of  TV 
viewers.  These  frequencies  are  actually  TV  channels, 
and  were  “free”  in  the  sense  that  they  were  not  used  for 
the  existing  terrestrial  on-the-air  TV  transmissions  at 
any  DAB  transmitter  location.  For  the  same  reason 
they  have  been  used  for  the  cable  distribution  of  TV 
signals.  Now  the  on-the-air  DAB  transmissions  were 
started  right  on  the  same  channels  which  were  already 
occupied  in  cable.  In  this  new  situation,  the  shielding 
effectiveness  of  the  whole  cable  TV  distribution  chain, 
including  the  receiver,  proved  in  many  cases  to  be 
insufficient.  TV  reception  was  disturbed  by  the  DAB 
signal  on  the  same  frequency. 

The  shielding  effectiveness  of  CATV  distribution 
networks  of  cable  TV  operators  and  of  the  CATV 
access  networks  in  residential  and  other  buildings  has 
been  investigated,  to  give  the  CATV  operators  a 
survey  of  the  quality  of  these  networks.  The  CATV 
operators  use  this  information  when  they  make 
decisions  about  necessary  preparations  for  the  coming 
DAB  transmissions  in  other  cities.  The  shielding 
effectiveness  was  investigated  both  by  measuring  the 
leakage  emissions  caused  by  the  network,  and  by 
generating  a  known  interference  field  with  a  transmitter 
and  an  antenna  and  measuring  the  level  of  the 
interference  leaked  into  the  network.  The  field  strength 


of  the  on-the-air  DAB  transmissions  was  also 
measured,  at  several  sites  at  the  actual  TV  receiver 
locations  inside  buildings,  to  get  to  know  the  real 
signal  levels  at  the  point  where  the  possible 
interference  situations  arise.  The  sites  were  selected  by 
the  cable  operator  on  the  basis  of  real  interference 
complaints. 


2.  EMISSIONS  FROM  THE  CATV  NETWORKS 

Emissions,  which  are  possibly  radiated  by  a  CATV 
access  or  distribution  network  due  to  a  leakage  of  the 
distributed  signals,  were  measured  at  several  locations 
representing  different  network  types  and  different 
generations  of  equipment.  The  sites  were  chosen  by 
the  local  cable  operator.  Measurements  were  done  with 
EMC  receiver  or  spectrum  analyzer  and  wideband 
measurement  antenna.  It  was  very  difficult  to  find 
buildings  with  really  poor  quality  networks  radiating 
so  strongly  that  the  emissions  could  be  easily 
measured  at  a  sufficiently  large  distance.  The  more 
recent  the  installation  was,  the  less  were  the  leakage 
emissions.  No  measurable  emissions  could  be  found  at 
all  from  the  most  recent  installations.  No  clear  or 
systematic  difference  could  either  be  found  between 
horizontally  and  vertically  polarized  emissions. 

The  difference  between  the  distributed  signal  level  in 
the  network  and  the  leakage  field  strength  measured  at 
a  suitable  distance  (5  m)  can  be  used  as  a  figure 
describing  the  relative  shielding  effectiveness  of  a 
distribution  network  of  a  building.  For  those  older 
networks,  where  strong  enough  leakage  was  measured, 
this  difference  was  about  55-60  dB.  The  signal  level 
in  the  better  quality  networks  was  60-80  dB  higher 
than  the  noise  floor  of  the  emission  measurement. 

If  it  is  necessary  to  try  to  transform  an  emitted 
interference  field  strength  measurement  result  at  certain 
distance  to  another  distance,  the  nature  of  the  source 
must  be  known.  At  those  distances  that  are  meaningful 
here,  a  radiating  building  network  is  not  a  point  or 
line  source,  and  simple  basic  formulas  cannot  be 
applied.  We  wished  to  be  able  to  describe  the  nature  of 
this  type  of  source,  and  made  sets  of  measurements  at 
several  different  distances  at  many  of  the  measured 
sites,  but  did  not  (yet)  succeed  in  finding  a  general 
behaviour  due  to  two  reasons: 
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1)  Too  small  field  strengths;  could  not  get  reliable 
results  at  several  (larger)  distances,  at  least  not 
with  nondirectional  antenna. 

2)  The  directional  pattern  (beamwidth)  of  the 
measurement  antenna  introduces  difficulties: 
emission  level  can  even  seem  to  increase  with 
increasing  distance,  when  the  antenna  sees  a  larger 
part  of  the  radiating  network  when  taken  farther 
away  from  it. 

We  feel  that  it  is  not  probable  that  a  general  formula 
could  be  found  easily. 


A  survey  of  some  results: 


Fig.  1.  Leakage  emission  measurement  at  location  A. 

Location  A:  5-floor  stone/brick  town  houses  from  the 
1920’s  along  two  sides  of  a  city  block  as  well  as  in 
the  neighbouring  block,  measurement  being  done  close 
to  one  of  the  house  walls.  One  of  the  houses  had  a  TV 
signal  distribution  network  from  the  1960-1970's  with 
60  ohm  cables.  The  original  single-TV-cannel 
amplifiers  had  been  replaced  with  a  wideband  CATV 
amplifier  about  15  years  ago,  when  a  CATV  network 
was  constructed  for  the  city  and  the  building  was 
connected  to  it.  The  access  network  of  the  other 
building  was  totally  renovated  to  a  star  configuration 
very  lately.  Leakage  emissions  from  the  network  could 
be  recorded  on  all  distributed  channels,  E2-S34.  The 
levels  were  mostly  around  +35  dBpV,  with  highest 
peaks  at  about  +39  dB(j.V/m,  at  a  distance  of  5  meters 
from  the  wall  of  the  building. 

Location  B:  A  new  student  apartment  building.  No 
leakage  at  all,  only  the  on-the-air  FM  and  TV  signals, 
mobile  phone  signals  etc.  could  be  seen. 

Location  C:  Suburban  area  of  single-family  houses, 
constructed  mainly  of  wood.  The  CATV  network  is 
about  13  years  old;  cabling  is  in  the  air,  hung  from 
poles  together  with  the  electricity  distribution  cabling. 
Measurement  was  done  at  5  m  distance  from  the 
crosspoint  of  a  trunk  cable  and  an  access  cable  for  two 
houses.  All  channels  E2-S33  were  leaking  clearly, 
peaking  mostly  at  +36.. .43  dBpV/m  with  the  highest 
peaks  at  +44  dBpV/m.  The  emissions  are  clearly  too 
strong,  when  compared  with  the  limits  set  in  the 


relevant  standards,  but  this  part  of  the  network  will  be 
soon  totally  renovated  using  underground  cabling. 


Fig.  2.  Leakage  emission  measurement  at  location  C. 

Location  D:  Like  location  C,  but  a  totally  new 
housing  area,  where  everything  is  new  and  cabling  is 
underground.  No  measurable  leakage  was  found,  only 
the  on-the-air  signals  like  those  at  location  B. 

3.  IMMUNITY  OF  THE  CATV  NETWORKS 

The  shielding  effectiveness  of  the  CATV  distribution 
and  access  networks  against  radiation  from  outside 
sources  was  tested  at  some  of  the  locations  which  were 
used  for  the  emission  tests  and  also  at  some  new 
locations.  Sites  represent  again  different  network  types 
and  different  equipment  generations,  and  were 
proposed  by  the  CATV  operator. 

A  known  interference  source  was  set  up  near  the 
network  or  building  to  be  tested.  The  interference 
signal  leaked  into  the  network  was  measured  with  a 
spectrum  analyzer.  The  field  strengths  of  existing  on- 
the-air  TV  or  other  transmissions  were  not  high 
enough  to  produce  any  measurable  leakage  signals  into 
the  networks.  The  source  was  145  MHz  or  435  MHz 
30-50  W  amateur  radio  transmitter  and  a  directional 
antenna  (calibrated  hybrid  quad  or  log-periodic)  at  3  m 
height,  generating  120...  140  dB|iV/m  field  strength. 
The  most  recent  installations  were  very  good  also 
when  tested  this  way:  no  interference  at  all  leaked  into 
the  networks.  Different  results  were  obtained  with 
horizontal  and  vertical  interference  polarizations,  but 
no  clear  general  relationship  was  applicable  to  all 
cases.  Horizontally  polarized  interference  gave  max  20 
dB  stronger  leakage  than  vertical  when  it  was  stronger, 
vertical  max  12  dB  stronger  than  horizontal  when  it 
was  stronger.  Horizontal  polarization  generated 
slightly  stronger  leaked  signals  than  vertical  in  most 
cases.  435  MHz  interference  gave  about  6  dB  stronger 
leakage  than  145  MHz  leakage  in  most  cases,  and 
about  no  difference  in  the  rest. 

Difference  between  calculated  interference  field  strength 
at  building  center  and  measured  leaked  interference 
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signal  level  in  the  distribution  network  was  in  most 
cases  60-75  dB.  For  the  oldest  measured  network  it 
was  only  43  db  and  for  the  newest  at  least  110  dB 
(interference  buried  in  noise).  For  the  oldest  measured 
trunk/branch  network  (with  air  cabling,  scheduled  for 
complete  renovation  with  underground  cables  this 
summer)  the  corresponding  difference  was  about  60 
dB,  for  other  trunk/branch  networks  at  least  100  dB. 

For  those  sites,  where  also  the  leakage  field  strength 
measurement  gave  results  clearly  above  noise  floor,  the 
relative  shielding  effectiveness  figures  obtained  with 
both  methods  did  not  differ  from  each  other  by  more 
than  1  dB. 

A  survey  of  some  immunity  measurements: 

Location  Al:  The  incoming  cable  from  the  CATV 
trunk  network  at  location  A.  The  highest  peaks  of  the 
displayed  noise  are  at  a  level  of  around  +25  dB|iV  and 
the  median  level  is  about  6  dB  lower.  The  interference 
source  was  located  at  25  m  from  the  center  of  the 
building,  giving  a  field  strength  of  +123...  127 
dBpV/m  for  the  site.  As  no  interference  signal  can  be 
found  from  this  cable,  the  trunk  network  at  this  point 
has  a  relative  shielding  effectiveness  figure  of  merit  of 
about  100  dB,  corresponding  to  the  difference  between 
these  two  levels. 

il <17159  JAN  IB,  1998 
REF  -60.0  dBa  AT  10  dB 


Fig.  3.  Leakage  signal  in  network  at  location  A2. 

Location  A2:  The  measurement  tap  at  the  output  side 
of  the  amplifier  for  this  building.  The  interfering  signal 
can  now  be  seen  at  about  +68  dBpV  (taking  all 
attenuations  into  account ).  This  figure  is  about  55  dB 
lower  than  the  interference  signal  field  strength  value 
(source  about  35  m  from  this  point),  the  difference 
again  representing  the  relative  shielding  effectiveness 
figure  of  merit.  The  distributed  signal  levels  in  the 
network  at  this  point  were  around  +95  dB|tV  and  the 
leakage  emissions  were  measured  to  be  at  +39 
dBpV/m,  The  difference  of  these  two  figures  is  56  dB 
which  corresponds  well  with  the  55  dB  obtained  from 
the  preceeding  calculation  for  the  opposite  direction 
leakage.  The  value  would  probably  be  better  for  a 
recently  constructed  or  renovated  star  network. 

Location  A3:  This  is  the  other  building  of  the  city 
block  at  location  A.  The  measurement  is  again  from 
the  output-side  measurement  tap  of  the  amplifier. 


Interference  signal  at  +77  dBpV  while  interfering  field 
strength  is  at  +120  dBpV/m  (source  about  45  m  from 
this  point)  gives  a  difference  of  43  dB  as  the  shielding 
effectiveness.  This  was  the  old  access  network  with  60 
ohm  cables  and  chain-connected  outlets. 


Fig.  4.  Leakage  signal  in  network  at  location  C. 

Location  C:  The  same  location  C  as  earlier.  The 
interference  source  was  now  positioned  5  meters  from 
the  air  cabling.  The  signal  was  measured  from  the 
output  side  of  the  amplifier  about  100  meters  away  and 
was  at  a  level  corresponding  to  +79  dB|+V.  With  the 
interference  level  at  +140  dBpV/m,  the  difference  figure 
of  merit  is  61  dB.  The  sync  peak  signal  levels  were  at 
+  106  dBjiV  and  the  highest  peaks  of  the  leakage 
emissions  were  at  +44  dBpV/m.  These  values  have  a 
difference  of  62  dB,  again  closely  corresponding  to  the 
other  difference  figure. 

Location  E:  A  branching  point  of  branch  network  and 
trunk  network  air  cables,  but  now  of  newer 
construction  than  at  C,  about  8  years  old.  The 
interference  source  was  again  5  meters  from  this  point 
and  the  signal  leaked  into  the  network  was  measured 
from  an  ordinary  TV  outlet  in  a  wooden  single-family 
house  nearby.  The  level  was  around  +27  dBpV,  over 
110  dB  lower  than  the  interference  field  strength  figure. 
The  good-quality  cables  clearly  tolerate  high 
interfering  field  strength  values  very  well. 

Table  2.  Comparison  of  some  emission  and  immunity 
measurement  results. 


Location 

A/ 

A2 

C 

Al 

A3 

E 

Signal  level  in 
cable 

95 

106 

Leakage  field 
strength  out 

39 

44 

Difference 

56 

62 

Interference  field 
strength  out 

123 

140 

125 

120 

140 

Leaked  interf. 
level  in  cable 

68 

79 

<25 

77 

27 

Difference 

55 

61 

>100 

43 

113 
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4.  MEASUREMENTS  OF  TV  RECEIVER 
CONNECTION  CABLES 

Connection  cables  between  the  TV  set  and  antenna 
outlet  were  found  to  be  the  real  cause  of  interference 
leakage  in  all  DAB  interference  complaint  cases. 
Several  hundreds  of  customer  cables  were  changed  by 
both  the  CATV  operator  and  the  broadcasting 
company. 

Table  3.  Leakage  into  connecting  cables,  referenced  in 
decibels  to  a  half-wave  dipole. 


Cable 

Meas  1 

Meas  2  '' 

Note 

Open 

Term 

Open 

Term 

1 

-46 

-54 

-46 

-53 

2 

-48 

-54 

-53 

-54 

3 

-56 

-64 

-52 

-65 

4 

-42 

0...-30 

-37 

-5... 

-40 

1 

5 

-55 

-70 

-53 

-66 

6 

-15 

-18 

-23 

-27 

7 

-50 

-67 

-49 

-69 

2 

8 

-32 

-26 

3 

9 

-24 

-26 

-21... 

-24 

-20... 

-54 

4 

10 

-40 

-10... 

-46 

-48 

-53 

l 

11 

-40 

-44 

-46 

-56 

12 

-32 

-26 

-27 

-34 

4 

13 

-56 

-58 

-50 

-56 

14 

-42 

-48 

-44 

-48 

15 

-55 

-70 

-52 

-72 

16 

-20 

-28 

-15 

-32 

17 

-54 

-64 

-53 

-69 

18 

-33 

-39 

19 

-34 

-46 

20 

-27 

-33 

21 

-85 

-85 

-75 

-78 

5 

Notes: 

1 )  Loose  contact  of  the  connector  shield  part 

2)  Same  as  nr  15,  but  1.5  m  instead  of  2  m 

3)  Same  as  nr  12 

4)  Slightly  loose  contact  of  connector  shield  part 

5)  Measurement  setup  only 


Measurements  were  done  on  some  cables  in  the  lab  as 
a  by-product  of  the  antenna  and  interference  field- 
strength  checking  and  calibration.  The  voltage  induced 
to  the  tested  cable  from  the  interference  generation 
setup  10  m  away  was  measured,  and  the  measured 
cable  was  moved  a  little  around  so  that  a  maximum 
reading  was  found.  This  measured  level  was  compared 
to  a  level  received  at  the  same  position  with  a 
calibrated  measurement  antenna  comparable  to  a  half¬ 
wave  dipole  (G  =  0,64  dBd).  Two  slightly  different 
places  and  setups  were  used.  Repeatability  of  this  type 
of  measurement  cannot  be  very  good,  but  the 
measurement  setup  was  chosen  to  imitate  the  actual 
use  of  the  cables.  The  measurement  was  conducted  on 
145  MHz.  Cable  lengths  were  from  1.5  to  15  m.  A 
short  summary  of  the  results  is  given  in  Table  3. 

With  a  shielded  matched  termination,  the  leakage 
levels  were  -18  ...  -72  dB  compared  to  half-wave 
dipole.  Without  the  termination  (end  open)  the  leakage 
levels  were  -15  ...  -53  dB.  An  ordinary  TV  receiver 
probably  does  not  represent  a  laboratory  grade 
termination.  Most  cables  had  about  5-20  dB  better 
shielding  attenuation  with  the  matched  load,  but  there 
were  also  some  exceptions,  which  were  worse  with  the 
load  than  without.  A  part  of  these  cases  is  explained 
by  the  looseness  of  the  connector  outer  part:  the  load 
transforms  to  an  antenna,  if  the  outer  shield  of  the  load 
resistor  is  not  properly  connected  to  the  cable  shield. 
This  explanation  was,  however,  not  applicable  to  all 
cases.  The  length  of  the  cable  in  wavelengths  at  the 
measurement  frequency  has  significance,  but  it  was  not 
possible  at  this  time  to  do  a  wide  sweeped  frequency 
test  for  all  these  cables.  The  frequency  dependence  was 
tested  with  some  of  the  cables.  In  all,  quality 
differences  between  the  samples  were  significant.  The 
samples  were  collected  from  several  shops  selling  TV 
receivers. 

Good  quality  double  shielded  measurement  connection 
cables  were  tested  as  reference.  No  leakage  was  found 
with  the  available  transmitter  power,  corresponding  to 
a  leakage  level  lower  than -75  ...  -85  dB  compared  to 
the  half-wave  dipole  reference. 


5.  DAB  SIGNAL  LEVEL  MEASUREMENTS 

Measurements  were  done  at  actual  TV  receiver 
locations.  The  sites  were  selected  mainly  by  the 
CATV  operator  on  the  basis  of  bad  interference 
problems.  Measurements  were  performed  using  EMC 
measurement  receiver  and  spectrum  analyzer,  and  with 
an  antenna  specially  constructed  and  calibrated  for  this 
purpose  (a  folded  dipole  with  a  1.5  m  fibreglass  tube 
handle).  Field  strength  values  were  measured  also 
outside  the  buildings.  Building  attenuation  proved  to 
be  about  4-5  dB  when  the  location  was  in  direct  free 
field,  and  about  8-15  dB,  when  the  measurement  was 
from  a  place  without  a  clear  free  visibility  to  the 
transmitter.  Horizontally  (nominal)  and  vertically 
polarized  measurements  were  done  at  every  site;  level 
difference  detween  these  was  greater  in  weak  (indirect) 
fields.  No  direct  measurable  leakage  to  CATV 
distribution  networks  was  found  at  any  site.  According 
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to  information  obtained  from  the  Finnish  Broadcasting 
Co,  the  DAB  transmitters  operating  in  Helsinki  had  a 
rf  output  power  of  800  W  and  ERP  of  2  kW  in  the 
main  lobe  of  the  antenna.  We  could  not  get  directive 
diagrams  of  the  antennas  or  field  strength  maps. 

A  description  of  some  field  strength  measurements: 

Location  1 :  An  office  on  the  ground  floor  of  a  4-floor 
stone/concrete/brick  building,  distance  from  the 
transmitter  about  4,5  km,  in  the  main  lobe.  Signal 
level  indoors  in  this  office  was  +75. ..78  dB|TV/m. 
Taking  the  measuring  antenna  deeper  inside  the  house 
did  not  essentially  decrease  the  signal  level.  In  a  closet 
about  6  m  from  the  outer  walls,  behind  a  second  thick 
brick  wall,  the  DAB  signal  level  was  decreased  by  6-8 
dB.  Outdoors,  near  the  wall  and  about  1,5  m  above 
ground  level,  the  level  was  +80.. .82  dBpV/m.  If  a 
correction  factor  of  12  dB  [1]  is  added  to  compare  this 
value  with  the  free  field  signal  strength  at  10  m,  we 
arrive  at  the  same  level  as  in  Table  1  for  this  distance. 
The  windows  of  the  office  were  not  exceptionally  large, 
but  one  of  them  had  a  rather  free  view  towards  the 
transmitter.  This  probably  explains  the  smaller 
difference  between  the  indoor  and  outdoor  signal  levels 
here  compared  to  the  next  location.  The  difference,  4-5 
dB  in  this  case,  represents  the  attenuation  caused  by 
the  building. 

Location  2:  An  apartment  on  the  second  floor  of  an  Si- 
floor  apartment  house  in  an  area  having  several  tall 
buildings  of  this  type.  Signal  level  indoors,  near  the 
site  of  the  TV  receiver,  was  +55  dBpV/m  and 
outdoors,  on  the  balcony  next  to  this  room,  was  +63 
dB|J.V/m.  Distance  from  the  transmitter  is  5,5  km  and 
the  place  is  probably  in  the  main  lobe  of  the 
transmitter  antenna.  The  position  of  the  house  is  such 
that  this  side  of  the  house  is  not  directly  towards  the 
tx,  but  rather  at  right  angles  to  it.  The  attenuation  due 
to  the  building  is  now  8  dB. 

Location  3:  A  large  office  in  the  first  floor  of  a  4-floor 
office  building;  large  windows,  but  not  directly 
towards  the  transmitter.  Distance  6  km,  in  the  main 
lobe.  Signal  level  indoors  +72. ..74  dBp.V/m;  it  was 
not  possible  to  do  the  measurement  outdoors. 

Location  4:  Top  floor  of  a  10-floor  apartment  house 
with  other  buildings  of  the  same  type  around.  Distance 
from  the  transmitter  is  4,2  km  and  at  approximately 
right  angles  to  the  main  lobe  direction.  YLE  (the 
F.B.C.)  had  estimated  that  the  signal  could  not  be 
received  at  all  at  this  location.  Signal  level  was 
+60.. .62  dB|0.V/m  indoors. 

Location  5:  A  lobby  in  the  first  floor  of  a  hospital 
building,  5,5  km  from  the  transmitter  and  about  60 
degrees  off  the  main  lobe.  Signal  level  indoors,  4  m 
from  the  outer  wall,  still  +70. ..72  dB|iV/m.  It  was  not 
possible  to  measure  the  signal  level  outdoors. 

Location  6:  An  apartment  on  the  top  floor  of  a  6-floor 
building  in  the  city  center.  The  outer  wall  of  this  flat 
is  facing  the  court  of  a  city  block  consisting  of 
buildings  which  are  as  tall  as  this  house  or  still  taller. 
The  distance  from  the  nearest  one  of  the  two  DAB 
transmitters  is  7  km  and  16  km  from  the  other.  Signal 
level  inside  the  apartment,  at  the  TV  receiver  location 


(2m  from  outer  wall  and  not  next  to  a  window)  was 
+45. ..50  dB|tV/m,  and  outdoors,  on  the  balcony,  +60 
dBpV/m.  The  attenuation  due  to  the  building  is  here 
10-15  dB. 

Not  a  trace  of  the  DAB  signal  could  be  detected  at  the 
antenna  outlets  connected  to  the  CATV  network  at  any 
of  these  measurement  sites.  The  displayed  noise  level 
was  about  +8  dBp.V  on  the  analyzer  with  1  kHz 
RBW.  As  the  strongest  estimated  field  strength  in  free 
field  corresponding  to  the  measured  f.s.  found  at  any  of 
these  measurement  locations  was  about  +95  dB|J.V/m, 
the  difference  between  these  two  figures,  87  dB,  can  be 
used  as  a  relative  figure  of  merit  representing  the 
shielding  effectiveness  of  the  CATV  network  at  that 
location.  A  corresponding  figure  can  be  easily 
calculated  for  the  other  locations,  too.  Because  no 
interference  could  be  seen  in  the  network,  the  real 
shielding  effectiveness  is  better  than  these  values  at 
every  location. 

6.  CONCLUSIONS 

With  the  measured  DAB  signal  levels  at  TV  receiver 
locations  and  the  shielding  attenuations  of  the 
measured  ordinary  connecting  cables,  the  leaked 
interference  level  due  to  the  connection  cable  leakage 
can  be  only  25  dB  below  signal  level.  This  is  not 
enough  to  protect  the  TV  signal  against  interference 
from  the  DAB  signal.  The  DAB  signal  field  strength 
must  be  below  45. ..50  dBp.V/m,  if  the  leaked 
interference  is  to  be  buried  in  the  noise  when  using  the 
bad  cables. 

It  seems  to  be  possible  to  arrive  to  the  same  figure 
describing  the  shielding  effectiveness  of  a  CATV 
access  network,  by  calculating  either  the  difference 
between  the  signal  level  value  in  the  network  (in 
dB|J.V)  and  the  leakage  field  strength  value  at  5  m 
distance  (in  dBpV/m),  or  the  difference  between  the 
interference  field  strength  (in  dBfiV/m)  and  the  level  of 
the  interfence  signal  leaked  into  the  network  (in 
dBpV).  This  figure,  given  in  dB,  could  be  called  the 
relative  shielding  effectiveness  of  the  network. 

When  the  quality  of  the  network  is  not  poor  in 
shielding  sense,  it  is  clearly  easier  to  measure  a  value 
for  the  relative  shielding  effectiveness  with  the  method 
based  on  the  use  of  the  known  interference  transmitter. 
However,  this  alternative  is  available  only  if  there  is  a 
legal  way  to  use  a  transmitter  for  this  purpose. 

The  attenuation  of  signal  field  strength  inside  a 
building  due  to  the  building  (its  walls)  was  4. ..5  dB 
when  there  was  a  reasonably  free  path  from  the 
transmitter  to  the  measurement  point.  When  the 
measurement  point  was  not  in  a  direct  field,  the 
attenuation  was  8...  15  dB. 

BIOGRAPHICAL  NOTE 

Antero  Vatin Snen,  researcher  at  University  of  Oulu  / 
Sodankyla  Geophysical  Observatory.  On  leave  of 
absence  from  Vaasa  Polytechnic  University,  where 
head  of  EMC  lab  and  senior  lecturer  (oberlehrer), 
electronics  &  telecommunication  technology.  Earlier  at 
ASA  Radio  Co,  Teleste  Co.  and  Tampere  University 
of  Technology,  from  where  M.Sc.  (Electr.  Eng.). 


EMC  2000 


INTERNATIONAL  WROCLAW  SYMPOSIUM 
ON  ELECTROMAGNETIC  COMPATIBILITY 


ANTENNA  FACTORS  OF  THE  NEW  EUROTEM  CELL  FOR  FULLY  COMPLIANT 
EMISSION  AND  IMMUNITY  TESTING 

Diethard  Hansen  and  Detlef  Ristau 
EURO  EMC  SERVICE  (EES)  Dr.-Ing.  D.  Hansen 
Bahnhofstr.  39,  CH-8965  Berikon,  Switzerland 
Tel:  +41  566337381,  Fax:  +41  566337381 
E-Mail:  euro.emc.service@t-online.de 
Homepage:  http://www.euro-emc-service.de 


The  EUROTEM®  is  a  patented  compact  symmetrical 
TEM  device  with  4  striplines  which  are  surrounded  by  a  fully 
absorber-lined  ferrite  enclosure.  Due  to  the  broad  band  natu¬ 
re  of  the  device,  it  is  well  suited  for  radiated  emissions  and 
immunity  testing,  compliant  with  the  standards.  In  order  to 
perform  compliance  measurements ,  the  corresponding  anten¬ 
na  factors  have  to  be  determined.  Correlation  to  OATS  mea¬ 
surements  must  be  established.  The  EUROTEM  devices  are 
scaleable  and  can  be  built  in  different  sizes.  The  range  of  test 
objects  starts  at  printed  circuit  boards  all  the  way  up  to  two 
metre  high  racks.  For  large  test  objects,  the  arrangement  can 
be  fitted  into  an  existing  fully  absorber-lined  room.  This  ar¬ 
rangement  is  called  EUROTEM-Antenna.  By  this  retrofit,  the 
conventional  antenna  mast  and  the  typical  EMC  antennas  are 
substituted  with  the  EUROTEM  antenna  leading  to  savings  in 
driving  power  and  consequently  in  considerable  cost  savings 
for  the  amplifier.  In  contrast  to  the  10  year  old  GTEM  techno¬ 
logy,  the  EUROTEM  is  equipped  with  polarisation  switching. 
The  test  object  will  be  put  on  a  turntable  in  the  same  manner 
as  in  any  open  area  test  site  or  absorber  chamber.  There  is  no 
rotation  through  the  three  spatial  axes  which  is  required 
using  a  GTEM  cell  and  the  corresponding  manipulator.  The 
EUROTEM  is  superior  to  the  conventional  technology  by  sho¬ 
wing  better  field  quality,  better  suppression  of  the  non-TEM 
field  components  and  in  particular,  the  better  cost  efficiency 
factor. 

1.  INTRODUCTION 

The  number  of  EMC  standards  is  permanently  growing. 
This  is  particularly  driven  by  the  European  EMC  Directive, 
which  mostly  harmonises  IEC  and  CISPR  standards  under 
CENELEC  EN  norms.  Due  to  this  legal  and  economical  pres¬ 
sure,  there  is  a  great  interest  in  alternative  test  sites  for  field 
emissions  and  immunity.  It  does  not  seem  to  be  justifiable  to 
erect  a  large  10  m  semi  anechoic  chamber  to  test  a  small  EUT 
like  a  TV  set  or  telephone.  The  typical  emission  standards  are 
EN55022  and  EN5501 1,  with  their  antenna  factors  according 
to  CISPR16  and  ANSI  C63.4.  Using  this  OATS  procedure 
with  the  ground  plane  requires  changes  of  the  set-up  for  emis¬ 
sions  to  immunity  according  to  EN6 1000-4-3  with  the  16  po¬ 
int  calibration.  This  triggers  the  question,  of  how  much  field 
quality  (substitution  method  in  an  empty  facility)  is  actually 
needed,  to  be  able  to  compare  test  results  from  different  labo¬ 
ratories  and  facilities. 


The  implementation  of  the  EMC  Act,  1996  has  induced  a 
world-wide  increase  in  demand  for  measurement  cells  and  test 
facilities  of  various  kinds  [1-14].  The  corresponding  manufac¬ 
turers  claim  these  facilities  to  be  fully  compliant  or  at  least 
suitable  for  measurements  during  the  development  phase  of 
the  product.  It  is  a  questionable  argument  to  claim  repeatabili¬ 
ty  and  relative  measurement  results  to  be  sufficient  for  deve¬ 
lopment  testing.  The  danger  is  to  operate  with  too  high 
tolerances  with  respect  to  the  final  compliance  test  of  the  va¬ 
rious  devices  under  test. 

IEC  and  CISPR  standardisation  committees  increasingly 
realise  the  existence  of  historically-grown  deficiencies  and 
contradictions  regarding  the  measurement  procedures.  This  is 
in  particular  true  for  the  sector  of  Information  Technology. 

The  main  interest  for  radiated  emission  testing  today  is  the 
frequency  range  from  26  MHz  to  about  2  GHz.  That  was  one 
of  the  main  development  goals  of  the  EUROTEM.  Additional¬ 
ly  the  aim  was  to  simplify  the  operation,  to  improve  the  field 
quality  and  to  reduce  the  investment  cost,  not  only  of  the  EU¬ 
ROTEM,  but  rather  including  the  additionally  required  test 
equipment.  In  contrast  to  the  OATS,  there  is  less  measurement 
time  required  because  there  is  no  change  in  the  antennas  and 
no  antenna  height  scan.  Naturally  one  has  to  measure  the  an¬ 
tenna  factors  for  emission  and  immunity  and  establish  the 
emission  correlation  to  a  10m  OATS,  once. 


2.  THE  EUROTEM  FAMILY 

Presently  the  EUROTEM®  2  (figure  1)  is  the  smallest 
member  of  the  family  [15]  with  a  typical  test  volume  of  0.35 
cm  x  0.35  cm.  In  addition  to  the  basic  set-up  with  AC  mains 
and  DC  filters,  as  well  as  fibre-optic  feed-throughs  and  several 
connectors  such  as  BNC,  N  and  RS232,  an  electromagnetical- 
ly  transparent  turntable  with  a  typical  load  of  20  kg  can  be 
retro-fitted.  The  shielding  effectiveness  of  the  device  reaches 
100  dB  above  150  kHz.  Switching  of  the  polarisation  of  the 
electromagnetic  field  is  performed  by  rotating  the  balun  enclo¬ 
sure  against  the  4  inner  striplines. 

The  biggest  member  of  the  EUROTEM  family  is  the  EU¬ 
ROTEM  antenna.  This  arrangement  is  shown  in  figure  2,  de¬ 
monstrating  the  way  to  fit  it  into  an  existing  fully 
absorber-lined  ferrite  chamber  with  the  dimensions  7x4x3 
metres.  Figure  2  shows  our  antenna  device  in  an  early  design 
stage.  Experience  taught  us  to  fit  some  foam  absorber  lining  in 
front  of  the  termination  of  the  device.  This  greatly  improved 
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Fig.  1 :  EUROTEM  2 


Fig.  2:  EUROTEM-Antenna  with  2  m  Test  Object 
on  the  Turntable 


the  field  quality.  To  ease  the  access  to  the  test  object,  the  EU¬ 
ROTEM  antenna  can  be  fitted  into  the  absorber  room  with  it's 
rear  end  facing  the  door.  In  this  area  in  particular,  the  quality 
of  the  absorbers  has  to  be  high  because  there  is  a  stronger  in¬ 
teraction  with  the  back  wall  in  comparison  to  the  side  walls. 


The  electromagnetic  fields  are  mainly  concentrated  in  the  spa¬ 
ce  defined  by  the  four  outer  striplines.  The  field  strength  de¬ 
creases  rapidly  moving  aside  from  these  lines.  This  relatively 
small  stray  field  could  be  used  to  further  reduce  the  absorber 
lining  of  the  side  walls  and  consequently  saving  absorber  cost. 

3.  THE  EUROTEM  PRINCIPLE 

Figure  3  shows  the  cross-section  of  the  stripline  arrange¬ 
ment  as  well  as  the  principle  of  polarisation  switching.  Figures 
4,  5  demonstrate  the  longitudinal  cross-section  of  various  EU¬ 
ROTEM  arrangements. 


absorber  lined  chamber 


Fig.  5:  Longitudinal  Cross-section  of  EUROTEM  -Antenna 

In  front  of  the  back  wall,  which  connects  the  four  resistor 
termination  modules  of  the  EUROTEM  antenna,  there  are  ad¬ 
ditional  foam  absorbers  fitted. 


Fig.  3:  Cross-section  of  the  EUROTEM  with  Polarisation  Switching 
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One  of  the  main  advantages  of  the  four  stripline  arrange¬ 
ment  is  the  freedom  to  route  the  supply  cables  of  the  EUT.  In 
contrast  to  the  GTEM  cell  for  example,  there  is  no  need  to  pe¬ 
netrate  metallic  walls,  which  are  not  ferrite  lined.  Normally, 
the  lines  are  fed  through  the  centre  opening  of  the  turntable. 
By  definition,  the  maximum  coupling  length  of  the  connecting 
cables  which  are  subjected  to  field  illumination  are  naturally 
dependant  on  the  size  of  the  TEM  device.  Looking  at  the  EU¬ 
ROTEM  antenna,  this  is  not  a  problem  because  the  cables  are 
exactly  configured  in  the  same  way  as  on  any  OATS  by  using 
an  80  cm  high  electromagnetically  transparent  Styrofoam  sup¬ 
port  on  the  turntable.  Another  nice  feature,  due  to  the  perfect 
symmetry  of  the  device,  is  the  ability  to  route  cables  along  the 
longitudinal  symmetry  axis  through  the  centre  of  the  back 
wall.  Ideally  this  should  not  lead  to  any  cable  coupling,  in  re¬ 
ality  however,  there  is  a  small  curvature  of  the  E  &  H  field  due 
to  a  spherical  wave  propagation  within  the  TEM  device.  If  this 
poses  a  problem,  for  example  in  very  precise  calibration  mea¬ 
surements,  compensation  by  a  dielectric  lens  could  be  introdu¬ 
ced.  The  ±  1  dB  area  of  the  EUROTEM-Antenna  is  72  x  72 
cm. 

4.  ANTENNA  FACTORS  FOR  FIELD  GENERATION 

For  immunity  testing  between  27MHz  and  1GHz  (lately 
80MHz  -  2GHz),  the  standard  usually  requires  a  three  metre 
test  distance  between  the  tip  of  the  antenna  and  the  face  of  the 
test  object.  To  generate  lOV/m  modulated  with  1kHz  80% 
modulation,  amplifiers  of  up  to  500  Watts  are  needed  for  the 
low  frequency  range,  for  example,  60  MHz.  This  very  high 
power  is  required  because  of  the  relatively  bad  matching  bet¬ 
ween  the  50  Ohm  output  impedance  and  the  transmitting  an¬ 
tenna  which  is  physically  too  small  compared  to  the 
wavelengths.  An  already  optimised  version  of  such  a  broad 
band  antenna  is  the  X-Wing  BiLog  manufactured  by  Chase, 
model  number  CBL  6140.  Figure  6  compares  the  drive  power 
of  this  antenna  to  our  EUROTEM  antenna.  It  is  worth  mentio¬ 
ning  the  distance  from  the  feed  point  of  our  antenna  to  the  pla¬ 
cement  of  the  EUT  is  about  3  metres.  The  high  efficiency  of 
the  EUROTEM  antenna  however,  is  directly  related  to  the  mo¬ 
de  of  well-controlled  field  propagation  within  the  stripline. 


Fig.  6:  Driving  Power  to  Generate  10  V/m  Modulated 
in  3m  Distance 

The  BiLog  antenna  does  not  have  this  propagation  mode 
but  rather,  uses  the  conventional  type  of  radiation  by  an  anten¬ 
na.  In  order  to  improve  such  a  conventional  antenna  system, 
the  size  of  the  antenna  should  electrically  reach  half  a  wave¬ 
length.  This  makes  it  rather  impractical  at  30MHz  because  five 
metres  space  is  simply  not  available  in  small  anechoic  cham¬ 
bers.  This  requirement  will  hold  true  for  vertical  as  well  as  ho¬ 
rizontal  polarisation  of  the  antenna. 


Fig.  7:  Drive  Power  of  the  EUROTEM  2  to  Generate  lOV/m 
Unmodulated  in  the  Test  Volume 

The  difference  in  power  consumption  according  to  EN 
61000-4-3  modulated  and  unmodulated  signal  is  the  factor 
3.24  which  equals  5.1  dB.  For  calibration,  the  unmodulated 
signal  is  being  used.  For  the  EUROTEM  2,  this  results  in  a 
drive  power  for  the  unmodulated  signal  of  about  1  Watt  to  ge¬ 
nerate  10  V/m  in  the  test  volume  (figure  7).  1  Watt  equals  +30 
dBm  in  a  50  Ohm  system.  To  determine  the  according  drive 
power  for  the  EUROTEM-Antenna,  it  is  important  to  consider 
the  larger  test  volume.  Tripling  the  stripline  distance  results  in 
10  dB  higher  power  requirements  for  the  same  field  strength 
of  10  V/m. 

The  immunity  antenna  factors  for  the  EUROTEM  2  have 
been  deduced  from  the  16  point  calibration,  according  to  EN 
61000-4-3,  and  are  given  in  fig.  8.  The  maximum  tolerable 
field  deviation  in  the  points  (-OdB,  +6dB)  was  fulfilled  for  all 
points  without  data  reduction  using  lOV/m.  For  the  antenna 
factors  we  used  only  the  centre  point  results.  The  antenna  fac¬ 
tors  were  determined,  measuring  the  input  power  in  dBV  at  50 
Ohm  and  subtracting  this  from  the  generated  field  strength  in 
dBV/m.  A  calibrated  Holaday  field  strength  sensor  FM  2000 
and  a  R&S  power  meter  (NRVD)  were  used  to  establish  the 
reference  to  national  standards. 


Fig.  8:  Antenna  Factors  for  Field  Generation  in  the 
EUROTEM  2 


5.  ANTENNA  FACTORS  FOR  EMISSION 
MEASUREMENTS 

It  is  well-known  since  the  early  time  of  research  and  from 
the  Crawford  cells,  that  due  to  the  law  of  reciprocity,  TEM 
cells  may  be  used  both  ways  for  radiated  emissions  and  immu¬ 
nity.  Reciprocity,  in  this  context,  means  the  attenuation  bet¬ 
ween  the  transmitted  and  the  receiving  signal  is  the  same  when 
transmitter  and  receiver  are  interchanged  at  the  antenna.  To 
compare  different  emission  facilities,  a  comparison  noise  sour¬ 
ce  (VSQ)  is  used.  One  way  to  realise  such  a  radiation  source  is 
to  use  a  10  MHz  comb  generator.  Another  way  of  doing  this  is 
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using  a  frequency  synthesiser  with  an  appropriate  frequency 
multiplier  or  simply  a  source  generating  white  noise.  Our  VSQ 
generates  a  needle  spectrum  which  rolls  off  pretty  strongly  to¬ 
wards  higher  frequencies.  This  spectrum  is  additionally  sha¬ 
ped  by  the  use  of  the  small  200  MHz  resonant  broad  band 
dipole.  Figure  9  shows  the  measurements  using  such  a  test  ra¬ 
diator  being  placed  in  the  centre  of  the  test  volume  of  the  EU- 
ROTEM  2.  By  spatially  rotating  this  dipole  through  the  three 
room  co-ordinates,  the  suppression  of  the  non-TEM  compo¬ 
nents  can  be  demonstrated.  Experience  teaches  however  to  co¬ 
ver  the  metallic  surface  of  the  self-contained,  battery-driven 
comb  generator  by  ferrite  lining.  This  results  in  an  improved 
symmetrica!  behaviour  of  the  device  and  the  suppression  of 
unwanted  unsymmetrical  surface  currents  which  would  nor¬ 
mally  appear  by  forming  a  corner  dipole  of  90°  angle  to  the 
rotational  symmetry  axis  of  the  broad  band  dipole  arrange¬ 
ment.  This  asymmetry  could  reach  values  as  high  as  20  dB. 


Fig.  9:  Direct  VSQ  Emission  Data  from  the  EUROTEM  2 
(example  of  non-TEM-component  suppression) 


This  decoupling  data  must  be  considered  as  being  excel¬ 
lent  regarding  the  fact  that  the  40  cm  long  broad  band  dipole 
antenna  almost  short-circuits  the  available  space  between  the 
striplines  of  50  cm.  For  the  EUROTEM-Antenna  the  data  is 
similar  however  10  dB  lower  (1,5  m  to  0,5  m  gap).  In  the  lab 
the  non-TEM  wave  suppression  sometimes  exceeded  40  dB 
To  determine  the  emission  antenna  factors  (fig.  10)  we 
used  the  VSQ  as  a  transfer  standard  for  comparison.  This 
transfer  standard  was  tested  in  three  different  accredited  EMC 
labs  on  10m  OATS.  The  results  in  dBpV/m  were  tabled  for 
horizontal  and  vertical  polarisation  between  30MHz  and 
1000MHz.  These  values  were  averaged,  consequently  there 
was  one  average  table  for  horizontal  polarisation  and  one  for 
vertical.  These  average  values  were  converted  to  free  space 


Fig.  10:  10m  Emission  Antenna  Factors  for  the  EUROTEM  2 


mean  values  [16]  and  averaged  again.  Finally  the  transfer  stan¬ 
dard  was  tested  in  the  EUROTEM  2  with  the  VSQ  antenna  in 
the  centre  position  and  a  list  of  dBpV  voltage  measurements 
taken.  The  cable  attenuation  was  considered.  The  difference  to 
the  averaged  free  space  signals  results  in  antenna  factors  for 
free  space.  From  here  the  antenna  factors  for  vertical  and  hori¬ 
zontal  antenna  polarisation  on  the  OATS  result  from  the  free 
space  factors,  if  the  averaged  field  strength  value  is  backwards 
calculated  [16], 

Using  these  antenna  factors,  resulted  in  a  very  good  agree¬ 
ment  of  the  used  accredited  OATS  facilities  with  respect  to 
our  EUROTEM  measurements.  An  additional,  fourth  OATS 
and  an  anechoic  chamber  were  used  for  this  comparison 
(figure  1 1). 


Fig.  1 1 :  Emission  Measurements  by  VSQ  and  Various  Test 
Facilities  (curve  shape  determined  by  antenna  of  test  radiator) 


6.  SPECIFICATIONS  OF  THE  EUROTEM  IN 
COMPARISON  TO  OTHER  FACILITIES 

Table  1  shows  the  comparison  of  the  necessary  drive  po¬ 
wer,  the  investment  cost  as  well  as  the  maximum  dimensions 
of  the  test  object  for  various  facilities.  The  EUROTEM  2  can¬ 
not  necessarily  be  directly  compared  to  the  other  facilities  be¬ 
cause  of  its  limited  test  volume.  One  major  advantage  of  all 
EUROTEM  devices  is  the  simple  way  of  changing  the  polarity 
of  the  electromagnetic  field,  in  contrast  to  the  GTEM  cell. 


Table  1:  Comparison  of  Test  Facilities 


EUROTEM 

2 

EUROTEM 
Antenna, 
short  FAI-C 

GTEM 

1750 

FAI.C 
(3m  site) 

Maximum  EUT 
size  (metres) 

0.3x  0.3x  0.3 

l.8x  l.5x  1.0 

I.OxO.Sx  1.0 

I.Ox  1  5x  1.0 

Polarisation 

switch  h/v 

Yes 

Yes 

No 

Yes 

Facility  size 
in  metres 

1 ,0x  I.Ox  1.3 

3. Ox  3. Ox  6.0 

40x2.4x8.0 

4.0x30x7.0 

Input  power  for  10 
V/m,  80%  AM 
at  80  MHz 

1.6  W 

16  W 

17  W 

65  W 

Input  power  for  10 
V/m,  80%  AM 
at  30  MHz 

2.5  W 

25  W 

26  W 

250  W 

Input  power  for 

100  V/m,  auto¬ 
motive  at  80  MHz 

ca  25  W 

252  W 

525  W 

2  kW 

Input  power  for 

100  V/m,  auto¬ 
motive  at  30  MHz 

ca.  77  W 

630  W 

800  W 

(7.5  kW) 

Facility  investment 
without  equipment 

ca.  27  % 

ca.  70  % 

ca.  60  % 

100  % 

FAI.C  =  fully  anechoic  chamber 
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The  EUROTEM-Antenna  has  been  mainly  developed  for 
integration  or  retrofit  of  an  existing  fully  absorber-lined  cham¬ 
ber.  The  lower  comer  frequency  is  only  limited  by  the  charac¬ 
teristics  of  the  balun.  The  upper  frequency  limit  is  given 
mainly  by  the  absorber  performance  of  the  EUROTEM  termi¬ 
nation  and  the  existing  absorber  chamber.  A  comparison  to  the 
conventional  radiated  immunity  equipment  using  a  3m  test  di¬ 
stance  versus  the  EUROTEM  antenna  is  shown  in  table  2. 

Additionally  there  is  the  need  for  measurement  software,  a 
controlling  computer  and  a  generator  to  be  considered.  For 
precise  calibrations,  one  would  need  an  additional  field 
strength  sensor  system. 


Table  2:  Differences  between  Conventional  3m  Solution  and 
Using  a  EUROTEM-Antenna 


Conventional  solution 
for  a  3m  site,  using 
broad  band  antennas 

Solution,  using 
EUROTEM-Antenna, 
stand  alone 

Antenna 

6.5  % 

(X-Wing  BiLog) 

25% 

Antenna  mast 

(including  control  unit) 

15.5% 

Not  applicable 

Power  amplifier 

27.5  % 

(0.01  -  100  MHz,  500  W) 

50.5  % 

(80  -  100  MHz,  200  W) 

31  % 

(1  -  1000  MHz,  100  W) 

Total 

100% 

56% 

7.  CONCLUSION 
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In  particular  the  EUROTEM  2  is  suited  for  fully  com¬ 
pliant  radiated  emission  and  immunity  testing  of  smaller  test 
objects.  The  non-TEM  wave  component  is  well  suppressed. 
By  using  a  calibrated  and  traceable  power  meter  to  read  the  in¬ 
put  power  of  the  cell  and  simultaneously  measuring  the  gene¬ 
rated  E  field  strength  through  the  test  volume  by  a  DKD 
traceable  field  probe  the  immunity  antenna  factors  have  been 
determined.  With  a  calibrated  test  radiator  the  emission  corre¬ 
lation  to  OATS  could  be  established  too. 
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New  EMC  Facility  that  allows  fully  automated  radiated 
immunity  and  emission  testing  in  both  polarizations 
simultaneously  was  introduced  in  a  form  of  a  Dual 
Polarization  Broadband  Gigahertz  Field  (BGF) 
Simulator,  first  time  four  years  ago.  This  publication 
details  currently  achieved  BGF  parameters  such  as: 
frequency  range,  obtainable  field  strength,  etc.  As  well 
it  indicates  how  these  parameters  are  expanded,  since 
the  BGF  was  presented  for  the  first  time.  The  paper 
also  addresses  additional  use  of  the  BGF  Facility  as  a 
magnetic  field  (Fl-field)  Simulator. 


1.  INTRODUCTION 

Broadband  Gigahertz  Field  (BGF)  Facility  (US  Patents 
5440316  and  5982331,  European  and  Japanese  Patents 
pending),  can  be  used  for  automated  emission  and 
immunity  testing  in  CW  or  Pulse  mode,  in  both  polar¬ 
izations,  in  the  frequency  range  from  DC  to  40  GHz  or 
any  upper  frequency  required. 

The  BGF  Facility  allows  combining  tests  that  are  nor¬ 
mally  done  in  H-field  coil,  TEM-Cell  and  Anechoic 
Chamber.  The  Facility  can  either  be  built  as  a  new  con¬ 
struction,  or  it  can  be  introduced  as  a  modification  to 
existing  Anechoic  or  Semi-Anechoic  Chambers  and 
Open  Area  Test  Sites  [1].  Easily  scaled  by  design,  the 
Facility  can  be  customized,  so  that  objects  of  any 
dimensions  (as  large  as  an  aircraft  or  ship,  or  as  small  as 
individual  electronic  components)  can  be  tested  at  the 
required  field  strength,  using  the  most  modest  power 
sources.  In  the  BGF,  the  need  for  test  antenna  changing 
and  rotating  (changing  the  polarization),  that  exists  with 
all  current  testing  methods,  is  eliminated.  Consequently, 
the  full  automation  of  measuring  system  and  testing  is 
possible.  This  results  in  substantial  reduction  of  testing 
time  and  therefore  a  drastic  reduction  of  testing  cost. 
The  BGF  Facility  is  based  on  a  hybrid  concept  as  it  con¬ 
sists  of  a  TEM-mode  parallel  line  and  a  broadband  horn 


antenna  joined  together.  Initially,  the  Facility  was 
developed  to  operate  in  either  vertical  or  horizontal 
polarization.  Later  on,  the  vertical  and  horizontal  polar¬ 
izations  Facilities  were  integrated  into  Dual  Polarization 
Facility  [2].  In  Dual  Polarization  Facility,  due  to  the 
independence  of  vertical  and  horizontal  antenna  sys¬ 
tems,  that  allows  testing  to  be  conducted  in  both  polar¬ 
izations  simultaneously,  further  significant  cost  and 
time  saving  is  achievable. 

Semi-Anechoic  Chamber,  CW  Dual  Polarization  BGF  - 
built  for  the  AST  Computer,  was  approved  by  the  FCC 
for  testing  of  emission  and  by  the  European  Certified 
Body  of  Norway  for  testing  of  immunity  [3,4], 

This  publication  describes  currently  achieved  Semi- 
Anechoic  Chamber  BGF  Facility  parameters  and  as 
well  it  indicates  how  the  parameters  were  expanded 
ever  since  the  BGF  was  conceived.  Additional  use  of 
Semi-Anechoic  Chamber  BGF  as  an  H-field  Simulator 
is  also  addressed.  Furthermore,  the  emphasis  is  being 
placed  on  possible  BGF  development. 

2.  BGF  FACILITY  EVOLUTION 

Over  the  years  numerous  testing  facilities  and  methods 
for  the  measurements  of  radiated  immunity  and  emis¬ 
sion,  such  as:  Open  Area  Test  Sites,  Anechoic  and 
Semi-Anechoic  Rooms,  Reverberation  Chambers, TEM 
Cells,  GTEM  Cells  and  recently  BGF  Facilities,  were 
developed. 

Initially,  the  BGF  was  conceived  as  a  single,  either  hori¬ 
zontal  or  vertical,  polarization  Facility  where  a  large 
horn  antenna  and  TEM  Cell  septum  were  incorporated 
into  Semi-  or  Anechoic  Room.  Such  single  polarization 
BGF  was  operating  in  the  frequency  range  from  DC  to 
5  GHz  and  provided  testing  volume  of  3m  x  3m  -  sub¬ 
stantially  exceeding  the  testing  volume  of  the  largest  in 
the  world  GTEM  Cell. 
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In  an  attempt  to  shorten  the  required  testing  time  Dual 
Polarization  BGF,  initially  operating  up  to  5  GHz,  was 
developed  -  see  Fig.  1  and  2.  The  Facility  was  fully 
automated,  so  that  not  only  the  instantaneous  change 
from  susceptibility  to  emission,  but  also  an  automatic 
change  from  horizontal  to  vertical  polarization  was  pos¬ 
sible.  Currently,  Dual  Polarization  BGF  Facility  oper¬ 
ates  with  the  upper  frequency  limit  of  40  GHz  -  further 
expansion  of  the  upper  frequency  limit  without  limiting 
the  testing  volume  or  field  level  of  testing  is  possible. 
The  ability  to  expand  the  upper  frequency  limit  of  the 
BGF  already  proved  to  be  very  important  factor  in  view 
of  the  fact  that  the  maximum  frequency  of  testing  speci¬ 
fied  by  some  requirements  is  being  increased.  Just 
recently  issued  Bellcore’s  Generic  Requirements 
Criteria  GR- 1089-CORE,  for  telecommunications 
equipment,  indicates  the  need  for  testing  up  to  10  GHz. 


Figure  1.  Dual  Polarization  Broadband  Gigahertz  Field 
(BGF)  Facility  -  External  view 


Horizontal  Polarization 


Figure  2.  Dual  Polarization  Broadband  Gigahertz  Field 
(BGF)  Facility  -  Internal  view: 

a)  vertical  polarization, 

b)  horizontal  polarization. 


Initially  the  CW  BGF  Facilities  were  built  to  accommo¬ 
date  EM  field  levels  of  100  V/m  up  to  40  GHz. 
However,  recent  research  resulted  in  development  of 
CW  BGF  Facilities  operating  at  field  levels  of  20  kV/m 
-  using  a  single  antenna.  Further  increase  of  the  field 
level  to  200  kV/m  is  possible  with  the  use  of  a  multiple 
antenna  array  system  consisting  of  100  antennas. 
Ability  to  generate  such  strong  EM  fields  makes  the 
BGF  Facility  one  of  the  most  advanced  tool  in  the 
world  for  CW  immunity  and  emission  testing  in  a 
broadband  frequency  range. 

An  Open  Area,  Pulse  BGF  Facility  for  susceptibility 
testing  was  built  -  see  Figure  3.  The  system  [5]  consist¬ 
ing  of  150  kV  Integrated  Pulse  Generator  and  Pulse 
BGF  Antenna,  if  used  without  TEM-mode  antenna 
(Figure  3a),  allows  simulation  of  electromagnetic  field 
environment  characterized  by  100  kV/m  peak  field 
level,  rise  time  as  fast  as  100  ps  and  pulse  duration  of  3 
ns.  If  TEM-mode  antenna  is  added  (Figure  3b),  the  BGF 
system  allows  simulation  of  electromagnetic  field  envi¬ 
ronment  characterized  by  100  kV/m  peak  field  level, 
rise  time  of  200  ps  and  pulse  duration  of  30  ns. 


Figure  3.  Pulse  BGF  Facility 

a)  without  TEM-mode  antenna 

b)  with  TEM-mode  antenna 

With  the  rise  time  of  1 00  ps,  the  Open  Area,  Pulse  BGF 
Facility,  is  one  of  the  most  advanced  tools  presently 
available  for  susceptibility  testing  in  the  Pulse  mode. 
Figure  4  shows  the  comparison  of  the  E-field  bandwidth 
factors  of  the  Pulse  BGF  Facility  width  currently  avail¬ 
able  NEMP  Threat  Simulators.  The  BGF  E-field  band- 
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width  factor  is  an  order  of  magnitude  higher  than  the  E- 
field  bandwidth  factor  of  the  fastest  NEMP  Simulators. 


Electromagnetic  Threat  Comparison 


Switch  Pr®«*ur«  (bar) 

Figure  4.  Comparison  of  the  E-field  bandwidth  factor  of 
the  Pulse  BGF  Facility  with  currently  available 
NEMP  Threat  Simulators 


3.  APPLICATION  OF  BGF  FACILITY  FOR  MAG¬ 
NETIC  FIELD  MEASUREMENTS 

In  a  Semi-Anechoic  BGF  Facility,  the  TEM-line  (termi¬ 
nated  with  50  ohm  resistor)  is  operating  in  the  frequen¬ 
cy  range  from  DC  to  50  MHz,  while  the  broadband  horn 
antenna  starts  operating  at  80  MHz.  In  the  region  from 
50  to  80  MHz,  the  operation  of  the  TEM-line  and  the 
horn  antenna  are  overlapping  to  ensure  a  uniform  fre¬ 
quency  coverage  extending  from  DC  to  gigahertz  fre¬ 
quencies.  In  spite  of  the  BGF  Facility  capability  to 
operate  from  DC,  initially  the  Facility  was  used  only 
from  27  MHz  to  conduct  E-Field  (electric  field)  radiat¬ 
ed  immunity  and  emission  testing  in  accordance  with 
IEC  61000-4-3  and  ANCI  C63.4  and  FCC  Part  15  crite¬ 
ria. 

However,  as  per  recently  issued  Bellcore’s  Generic 
Requirements  Criteria  GR  1089-CORE  for  telecommu¬ 
nications  equipment,  there  is  a  need  for:  E-field  radiated 
immunity  and  emission  testing  from  10  kHz  to  10  GHz, 
and,  H-field  (magnetic  field)  radiated  emission  testing 
from  60  Hz  to  30  MHz.  Considering  the  BGF  Facility 
operational  capability  from  DC  to  40  GHz,  no  modifica¬ 
tion  to  th£  Facility  will  be  needed  to  perform  E-field 
radiated  immunity  and  emission  testing  from  10  kHz  to 
10  GHz.  As  well,  if  50  ohm  termination  at  the  end  of 
the  TEM-line  in  the  BGF  is  replaced  with  a  “short”,  the 
Facility  becomes  suitable  for  the  measurements  of  H- 
field  radiated  emission  testing  from  60  Hz  to  30  MHz. 

Theoretical  analysis  of  H-field  radiated  emission  mea¬ 
surements  indicates  that,  using  the  BGF  Facility,  the 
Bellcore  Generic  Requirements  Criteria  GR-1089 
CORE  can  be  met  in  the  whole  frequency  range  of  60 
Hz  to  30  MHz.  In  accordance  with  GR-1089,  the  H- 
field  radiated  emission  from  the  EUT  shall  not  exceed 


the  field  strength  given  by  Figure  5  and  the  emission 
measurements,  in  the  frequency  range  60  Hz  to  30 
MHz,  should  be  conducted  using  a  loop  antenna.  The 
antenna  should  be  positioned  with  its  plane  vertical  at  a 
specified  distance  from  the  EUT.  The  antenna  shall  then 
be  rotated,  about  its  vertical  axis,  for  maximum 
response  at  each  azimuth  about  the  EUT.  The  center  of 
the  loop  shall  be  1  meter  above  the  ground  floor. 


Figure  5.  Telecommunications  equipment  H-field  radi¬ 
ated  emission  limits,  in  the  frequency  range  60 
Hz  to  30  MHz  -  Bellcore  Generic 
Requirements  Criteria  GR- 1089-CORE 

Following  the  GR-1089  recommendations,  we  calculat¬ 
ed  the  radiated  emission  signal  and  measurements  noise 
level  in  the  Semi-Anechoic  BGF  Facility.  The  voltage 
induced  in  the  BGF  vertical  polarization  septum,  by  a 
magnetic  field  equal  in  amplitude  to  the  H-field  radiated 
emission  limits  specified  by  GR-1089,  is  always  40  dB 
higher  than  the  measurements  noise  level  -  see  Figure  6. 


Figure  6.  The  H-field  radiated  emission  signal  and  mea 
surements  noise  level  in  the  Semi-Anechoic 
BGF  Facility 


The  calculation  was  done  assuming  that  the  required  by 
GR-1089  magnetic  field  was  generated  by  current  flow¬ 
ing  in  a  single  1  meter  square  loop  located  just  above 
the  floor  of  the  BGF  Facility.  Preliminary  laboratory 
measurements  of  the  H  field  radiated  emission  signal 
correspond  very  well  with  our  calculations. 
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4.  SUMMARY 

In  comparison  to  presently  used  facilities  for  measure¬ 
ments  of  radiated  immunity  and  emission,  the  BGF 
Facility  is  currently  the  only  facility  capable  of  operat¬ 
ing  from  DC  to  40  GHz.  No  need  for  changing  or  rotat¬ 
ing  test  antennas  exists,  therefore  full  automation  of  the 
testing  system  is  possible,  resulting  in  substantial  test¬ 
ing  cost  and  time  saving.  The  Facility  can  be  used  for 
electric  and  magnetic  field  emission  and  immunity  test¬ 
ing  in  CW  and  Pulse  mode. 

For  the  E-field  radiated  immunity  testing  in  accordance 
with  IEC  61000-4-3  and  MIL-STD-461,  the  required 
electric  field  strength  can  be  achieved  in  the  BGF  using 
the  most  modest  power  sources.  As  well,  the  maximum 
height  of  the  anechoic  or  semi-anechoic  chamber  needs 
to  be  only  two  times  the  height  of  the  tested  objects  - 
this  will  further  result  in  substantial  cost  saving. 

For  the  E-field  radiated  emission  testing  in  accordance 
with  the  ANCI  C63.4  and  FCC  Part  15  criteria,  in  the 
BGF  Facility  (since  there  is  no  need  for  changing  the 
height  of  the  receiving  antenna),  the  maximum  height  of 
the  Chamber  needed  is  equal  to  half  of  the  height  of  the 
Standard  Chamber.  As  such  the  cost  of  BGF  Facility  is 
lower  than  the  standard  facility  required  per  ANCI 
C63.4  and  FCC  Part  15  criteria. 

The  BGF  Facility  can  be  used  for  the  H-field  radiated 
emission  testing  in  accordance  with  GR-1089,  without  a 
need  for  having  to  use  an  additional  loop  antenna. 

The  BGF  can  be  incorporated  as  a  modification  to  exist¬ 
ing  facilities  such  as  Open  Area  Test  Site,  Semi-  or 
Anechoic-Chamber,  Reverberation  Chamber  or  it  can 
be  built  as  a  self-sustained  facility. 
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Field  uniformity  on  a  hypothetical  vertical 
plane  (uniform  field  area)  is  the  only  criterion 
regarding  the  field  distribution  in  a  test  site  which  must 
be  fulfilled  according  to  applicable  immunity 
standards.  In  the  paper  it  has  been  shown  that  the 
required  field  uniformity  can  be  obtained  even  in  case 
of  the  sites  which  characteristics  restrict  the  practical 
usefulness  of  them  in  a  very  serious  way.  This  is  due  to 
very  high  power  demands  for  the  RF  amplifiers 
providing  antenna  drive  to  the  necessary  field  strength 
level.  Computing  the  required  value  of  the  RF 
amplifier  output  power  disregarding  the  influence  of 
test  chamber  characteristics  on  it  can  cause  serious 
underestimate  of  this  power  with  all  technical  and  (first 
of  all)  economical  consequences  of  the  purchase  of 
improperly  sized  amplifier. 

1.  INTRODUCTION 

An  immunity  test  site  due  to  high  strength 
levels  which  can  be  employed  in  the  tests  must  be 
located  in  a  shielded  room. 

The  size  of  the  room  determines  the  resonant 
frequencies  of  the  cavity  created  by  the  room.  In  case 
of  bare  metallic  walls  of  the  room  the  resonances  can 
be  very  deep.  The  difference  in  the  field  strength  can 
reach  25  dB  when  the  position  of  a  transmitting 
antenna  or  a  field  probe  is  changed  by  only  10cm  [1].  It 
causes  that  all  trials  of  practical  use  of  an  unlined 
screened  enclosure  meet  very  serious  troubles.  To  limit 
the  phenomenon  the  resonances  should  be  effectively 
suppressed.  According  to  [1]  the  resonances  could  be 
suppressed  quite  well  using  the  technique  of  a  partial 
lining  of  the  chamber  walls  with  ferrite  absorber.  The 
hot  spots  are  exactly  pointed  out  computationally. 

Most  commonly  an  immunity  test  site  is 
located  in  an  anechoic  chamber  -  fully  anechoic  or 
semi-anechoic,  where  the  resonance  of  the  chamber  is 
suppressed  by  lining  all  interior  metallic  surfaces  of  it 
(with  a  floor  or  without  -  respectively)  with  RF 


absorber.  The  exact  demands  regarding  the  chamber 
are  not  published  by  the  standards  [2,3],  According  to 
them,  the  immunity  tests  should  be  performed  in  an 
anechoic  chamber  and  in  case  of  a  semi-anechoic  one, 
the  chamber  floor  can  be  partially  covered  by 
additional  absorber  to  reduce  floor  reflections.  A 
minimal  size  of  the  room  is  indirectly  determined  by 
the  distance  between  the  tip  of  a  transmitting  antenna 
and  an  EUT  and  by  the  dimensions  of  the  uniform  field 
area  [2,3].  In  case  of  a  compact  chamber  equipped  with 
ferrite  absorber  its  length  is  about  6  to  7m  and  the 
width  and  height  about  3m.  Of  course  any  particular 
room  can  have  different  size. 

Wroclaw  Anechoic  Chamber  [4,5]  is  an 
example  of  a  small  anechoic  chamber  that  fulfils  the 
standards  requirements  [2,3]  regarding  test  field 
uniformity.  When  the  calibration  procedure  was  carried 
out  in  WAC  it  appeared  that  a  high  difference  between 
the  value  of  the  field  strength  vs.  frequency  obtained 
from  measurements  and  predicted  through  computing 
in  some  particular  frequency  range  existed.  The 
existence  of  high  maximum  and  minimum  was 
observed.  The  phenomenon  was  observed  for  both 
antenna  polarities  -  vertical  and  horizontal.  Due  to  the 
fact  that  these  effects  took  place  in  a  low  frequency 
range  (26  to  130  MHz)  where  the  effectiveness  of 
pyramidal  absorber  used  in  WAC  is  low,  it  is  clear  that 
anechoic  chamber  characteristics  play  a  key  part  for 
occurrence  of  these  particular  effects  in  the  mentioned 
frequency  range. 

While  conducting  immunity  tests  according  to 
IEC-1000-4-3  requirements,  high  strength  of  test  field 
is  demanded.  It  results  in  high  power  of  broadband  RF 
power  amplifiers  which  provide  antenna  drive  to  the 
necessary  field  level.  These  amplifiers  are  very 
expensive  and  their  proper  choice  is  of  great 
importance. 

The  influence  and  significance  of  the  anechoic 
chamber  characteristics  on  immunity  testing  will  be 
developed  in  subsequent  points  of  this  paper. 
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2.  CALIBRATION  PROCEDURE  .  FIELD 
STRENGTH  MEASUREMENT: 

OBTAINED  RESULTS 

Field  immunity  tests  are  to  be  carried  out  in 
accordance  to  the  standards  [2,3]-  Based  on  these 
standards  calibration  procedure  of  a  “uniform  field 
area”  is  required.  A  “uniform  field  area”  is  a  1.5m 
square  area  situated  on  a  vertical  measurement  plane 
3m  from  the  tip  of  a  transmitting  antenna.  Calibration 
measurements  are  conducted  in  16  points  located  every 
0.5m  (shown  in  fig.l)  on  a  discussed  square  area  for 
every  measurement  frequency  in  the  basic  range  of 
80MHz  to  1000MHz  [2]. 


strength  was  computed  (for  16  points).  Calibration 
measurements  were  carried  out  for  horizontal  and 
vertical  polarity  of  the  transmitting  antenna.  The 
mean  value  was  computed  for  both  polarities  and  for 
every  measurement  frequency.  Obtained  results  are 
shown  in  fig.  2  (horizontal  polarity  of  the  antenna)  and 
3  (vertical  polarity  of  the  antenna)  . 


Mean  value  of  field  strength.  Antenna  polarity  -  vertical 


Fig.  3  Mean  value  of  field  strength  in  the  frequency 
range  26  to  1000MHz.  Results  for  vertical 
polarity  obtained  in  WAC. 


Fig.l  Uniform  field  area  and  points  where 

measurements  of  field  strength  are  taken 

The  method  of  immunity  measurement 
conducted  in  WAC  is  described  in  [5].  For  the  purpose 
of  this  paper  an  automated  calibration  procedure  was 
carried  out  in  WAC.  A  compact  combination  antenna 
BTA-L  (Frankonia)  was  used  for  the  measurement.  In 
the  calibration  measurement  the  input  signal  of  the 
amplifier  was  kept  constant  for  the  whole  frequency 
range.  Field  strength  was  measured  in  every  point  on 
the  “uniform  field  area”  in  the  frequency  range  of  26 
to  1000MHz.  To  visualise  the  outcome,  for  every 
measuring  frequency,  the  mean  value  of  the  field 


Mean  value  of  field  strength.  Antenna  polarity  -  horizontal. 
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Fig.  2  Mean  value  of  field  strength  in  the  frequency 
range  26  to  1000MHz.  Results  for  horizontal 
polarity  obtained  in  WAC 


3 .  ELECTRIC  FIELD  STRENGTH  VALUE  AT 
THE  DISTANCE  R  FROM  THE 
TRANSMITTING  ANTENNA.  COMPUTING. 


An  electric  field  strength  value  at  the  distance  R  from 
the  transmitting  antenna  is  given  by  a  Friss  equation  : 


where: 


E  =  ^30  *P,*Gt 


(1) 


Pt  -  transmitting  power  from  the  antenna  [W] 
E  -  electric  field  strength  value  [V/m] 

Gt  -  gain  of  transmitting  antenna 
[  numerically] 

R  -  distance  from  the  antenna  [m] 


The  real  value  of  transmitting  power  from  the  amplifier 
(for  an  input  signal  equal  to  :-l  6dBm;  this  value  of  an 
input  signal  was  used  in  the  calibration  test  )  was 
substituted  for  Pt.  Antenna  factor  was  given  by  a 
producer  thus  G,  can  be  computed.  The  distance  R  was 
equal  to  3m.  Substituting  this  data  to  equation  (1)  for 
the  frequency  range  26  to  1000MHz  the  value  of  the 
field  strength  vs.  frequency  for  free  space  could  be 
achieved.  Moreover,  correction  factors  were  taken  into 
account  concerning  VSWR  of  the  transmitting  antenna, 
attenuation  of  cables,  an  error  in  defining  the  antenna 
factor  in  the  middle  point  of  a  transmitting  antenna 
while  the  distance  R  is  measured  from  the  tip  of  it 
[6,7].  A  computed  plot  of  the  field  strength  for  the  data 
mentioned  above  (a  computed  plot  is  the  same  for  both 
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antenna  polarities)  is  shown  in  fig  4  and  fig.5  and 
compared  with  the  plots  from  fig  2  and  3. 


Fig.  4  Comparison  between  measured  value  of  field 
strength  in  the  frequency  range  26  to 
1000MHz  and  field  strength  value  obtained 
through  computing  (with  the  correction 
factors).  Horizontal  polarity  of  the 
transmitting  antenna. 


minimum  equals  to  3.1V/m  (fig.3)  and  the  value  of  the 
field  strength  for  this  frequency  obtained  through 
computing  equals  to  about  8V/m  (fig.5).  Thus,  the 
predicted  value  of  the  field  strength  is  2.6  times  higher 
than  that  measured  in  WAC  (for  this  particular 
frequency  range  -  around  100MHz,  for  vertical 
polarity).  The  point  is  that  in  this  case  to  achieve  the 
value  of  the  field  strength  equal  to  the  predicted 
through  computing,  a  transmitting  power  of  the 
amplifier  must  be  about  seven  times  higher  than  the 
power  applied  in  the  calibration  measurements  (value 
of  power  changes  proportionally  to  the  square  value  of 
field  strength). 

Resonant  phenomena  existing  in  WAC,  esp.  in 
a  frequency  range  50  to  100  MHz  for  both  antenna 
polarities,  are  responsible  for  described  effects  of  high 
maximum  and  low  minimum  in  the  value  of  field 
strength.  To  visualise  the  influence  of  WAC 
characteristics  on  field  strength  value,  characteristics 
which  show  the  ratio  of  field  strength  in  WAC  to  field 
strength  in  the  free  space  were  computed,  provided  that 
the  same  equipment  and  driving  power  were  used. 
Obtained  results  are  shown  in  fig.  6  and  7. 


Value  of  field  strength  vs.frequency.  Vertical  polarity 


Fig.  5  Comparison  between  measured  value  of  field 
strength  in  the  frequency  range  26  to 
1000MHz  and  field  strength  value  obtained 
through  computing  (with  the  correction 
factors).  Vertical  polarity  of  the  transmitting 
antenna. 


The  results  of  the  calibration  measurements 
conducted  in  WAC  appeared  to  be  in  accordance  with 
the  results  obtained  through  computing  except 
frequency  ranges  below  120MHz  for  the  vertical 
polarity  of  the  antenna  and  about  200MHz  for  the 
horizontal  polarity.  For  the  horizontal  polarity  there  is  a 
high  maximum  in  the  field  strength  for  about  100MHz 
(this  value  exceeds  2.8  times  the  value  of  the  field 
strength  predicted  through  computing)  and  a  minimum 
for  50  MHz  (which  can  be  of  no  concern  -  the  basic 
frequency  range  of  concern  according  to  the  standards 
is  80  to  1000MHz).  For  the  vertical  polarity  there  is  a 
high  maximum  for  50  MHz  (behind  the  basic  range) 
and  a  minimum  for  100MHz.  The  value  of  this 


4.  CHAMBER  CHARACTERISTICS  INFLUENCE 
ON  REQUIRED  RF  AMPLIFIER  POWER 

Figures  6  and  7  show  the  above  mentioned 
influence  of  WAC  characteristics  on  the  field  strength  . 
A  ratio  of  the  measured  field  value  to  the  computed 
value  of  field  for  free  space  is  expressed  in  dB.  When 
the  plot  is  above  the  x  axis  it  means  that  electric  field 
value  is  higher  in  WAC  than  that  in  a  free  space 
provided  the  same  equipment  and  driving  power  are 
used.  When  the  plot  lies  below  the  x  axis  it  means  that 
the  field  value  is  lower  in  WAC  than  that  in  a  free 
space  under  the  same  condition  as  previously. 

As  it  can  be  noticed  from  figures  6  and  7  there 
is  a  very  high  influence  of  anechoic  chamber 
characteristics  on  an  electric  field  value  for  low 
frequencies  -  in  the  case  presented  in  this  paper  for  26 
to  120MHz  (200MHz).  When  estimating  amplifier 
power  required  to  achieve  a  certain  level  of  electric 
field  strength  (in  accordance  to  IEC  1000-4-3)  for 
immunity  measurements,  characteristics  of  a  chamber 
must  be  taken  into  account. 

For  WAC  the  critical  range  lies  below  130MHz.  The 
ratio  of  the  amplifier  RF  output  power  for  both 
polarities  is  about  50  times  for  about  97MHz. 

For  the  vertical  polarity  in  this  region  the 
power  driving  the  transmitting  antenna  necessary  to 
produce  a  given  field  level  will  be  significantly  bigger 
than  that  computed  or  measured  outside  the  chamber. 
As  it  was  shown  for  97MHz  the  necessary  power  will 
be  about  7  times  bigger! 

In  case  of  WAC  for  97MHz  the  value  of 
amplifier  RF  output  power  necessary  to  produce  a  field 
level  of  lOV/m  will  be  about  210W.  The  power  for  a 
free  space  is  equal  to  3 1 .2W.  This  power  is  the  power 
of  a  linear  amplifier  for  continuous  wave  (CW). 
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Ratio  of  field  strength  In  WAC  to  field  strength  in  a  free  space.  Horizontal 
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Fig.  6  Ratio  of  field  strength  measured  in  WAC  to 
field  strength  computed  for  free  space, 
provided  the  same  equipment  and  power 
drive.  Horizontal  polarity 


Ratio  of  field  strength  in  WAC  to  field  strength  in  a  free  space,  Vertical 


i 

n 

A 

i 

r 

V" 

_15t  i _ i _ I _ I _ I _ I _ I - 1 - 1 - 1 

0  100  200  300  400  500  600  700  600  900  1000 

frequency  fMHzl 


Fig.  7  Ratio  of  field  strength  measured  in  WAC  to 
field  strength  computed  for  free  space, 
provided  the  same  equipment  and  power 
drive.  Vertical  polarity 

IEC-1000-4-3  demands  80%  amplitude  modulation.  It 
means  that  the  linear  output  range  of  the  amplifier  must 
be  1 .8  times  larger  than  that  for  CW.  The  output  power 
of  the  amplifier  must  be  3.24  times  larger  (5.1dB).  It 
gives  in  the  described  case  the  value  of  675W. 
Computed  power  for  a  free  space  is  equal  to  101 W. 

The  price  of  a  100W  broadband  amplifier  up 
to  1GHz  is  about  30k$.  The  amplifier  price  rises  with 
the  output  power  and  can  reach  in  particular  cases  the 
unrealistic  numbers  comparable  with  the  price  of  a 
whole  anechoic  chamber. 


5.CONCLUSION 

Anechoic  chamber  characteristics  may  highly 
influence  the  value  of  field  strength  in  a  chamber.  In 
some  frequency  ranges  (where  effectiveness  of  used 
absorber  is  low)  in  the  chamber  may  occur  the  resonant 
phenomena  strongly  affecting  field  distribution. 

Field  uniformity  on  the  hypothetical  vertical 
plane  (uniform  field  area)  should  not  be  the  only 
criterion  regarding  the  field  distribution  in  a  test  site 


that  is  taken  into  account.  The  uniform  field  plane  is 
only  a  plane  of  a  certain  specific  crossection  of  the 
field  inside  the  chamber.  Our  experiments  have  shown 
that  it  is  possible  to  obtain  a  uniform  field  in 
accordance  to  the  applicable  standards  demands  in 
spite  of  the  deep  resonances  in  the  spatial  field 
distribution  in  the  chamber. 

A  field  distribution  along  the  line  connecting 
the  tip  of  a  transmitting  antenna  and  the  uniform  field 
area  should  be  carefully  considered  as  well.  At  least  the 
dependence  of  the  field  strength  at  a  middle  point  on 
the  uniform  field  plane  vs.  antenna  driving  power  or 
the  dependence  of  the  mean  value  of  this  field  strength 
(for  12  or  16  points)  vs.  antenna  driving  power  should 
be  known  prior  to  the  purchase  of  the  power  amplifier. 
If  a  test  site  already  exists  the  above  mentioned 
functions  can  be  measured  or  in  case  of  well  known 
parameters  of  the  chamber  and  adequate  computational 
capabilities  can  be  computed  as  well.  The  knowledge 
of  these  functions  allows  to  correct  the  value  of  the 
required  RF  amplifier  output  power,  computed  for  a 
free  space  (or  OATS ),  predict  die  value  which  is  really 
needed  and  avoid  all  the  consequences  of  the  purchase 
of  the  improperly  sized  amplifier.  If  following  cost 
analysis  is  performed,  it  can  point  out  an  optimum 
solution  for  any  particular  case  -  the  purchase  of  an 
amplifier  sized  in  accordance  to  the  predicted  power 
value  or  prior  enhancement  of  the  chamber  reflectivity 
characteristics,  which  can  decrease  the  necessary 
amplifier  power.  The  latter  calls  for  a  change  or 
improvement  of  chamber  absorber.  Optimisation  of  the 
transmitting  antenna  choice  should  also  be  considered. 
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ABSTRACT 

The  basic  standards  IEC  and  EN  61000-4-6  define 
different  appliances  for  injection  of  RF 
disturbances.  Coupling  Decoupling  Networks  are 
preferred  although  injection  clamps  such  as 
Electromagnetic  (EM)  Clamp  or  Current  Injection 
(Cl)  clamp  are  also  acceptable  but  only  if 
application  of  CDNs  is  not  possible. 

The  big  advantage  of  injection  clamps  versus 
CDNs  is  the  noninvading  character  of  the  coupling, 
however  CDNs,  unlike  injection  clamps,  are 
insensible  to  impedance  variations  at  the  AE-Port. 

A  decoupling  clamp  at  the  AE-Port  of  the  injection 
clamp  makes  the  EUT  impedance  in  high 
frequency  range  (above  26MHz)  practically 
independent  of  the  load  impedance  at  the  AE-Port. 
But  how  to  ensure  stable  impedance  conditions  in 
low  frequency  range  by  using  an  injection  clamp? 
The  author  proposes  a  method  concerning  the 
supply  line.  It  is  based  on  application  of  the  Artificial 
Mains  Network  (AMN)  which  is  anyway 
indispensable  for  conducted  emission  tests. 
Impedance  of  the  EM  Clamp  with  the  AE-Port 
loaded  with  AMN  is  stable  up  to  about  26MHz.  The 
AMN  in  low  frequency  range  and  additional 
decoupling  clamp  in  high  frequency  range  are 
complementary  measures  to  ensure  stable 
impedance  conditions  by  using  the  injection  clamp. 


1.  INTRODUCTION 

The  preferred  appliances  for  injection  of  RF 
disturbances  according  to  the  basic  standard  IEC 
61000-4-6  (EN61 000-4-6)  [5.1]  are  Coupling 
Decoupling  Networks  (CDNs)  built  of  lumped  RLC 
components.  Injection  clamps  such  as 
Electromagnetic  (EM)  clamps  or  Current  Injection 
(Cl)  clamps  are  also  accepted  but  only  if 
application  of  CDNs  is  not  possible.  The  big 
advantage  of  the  injection  clamps  versus  CDNs  is 
the  noninvading  character  of  the  coupling.  It  should 


be  not  underestimated  by  in  situ  measurements  of 
large  systems  or  installations,  particularly  by 
injecting  disturbance  into  the  supply  lines.  The 
reason,  however  for  the  CDNs  to  be  preferred  in 
the  standard  is  obvious.  CDNs  unlike  injection 
clamps  ensure  stable  impedance  conditions  versus 
load  at  the  AE  port. 

In  the  paper  comparison  of  frequency  characteristic 
of  all  the  above  mentioned  injection  appliances  is 
presented.  Furthermore  the  application  of  the  EM 
clamp  for  injection  of  disturbance  into  the  supply 
line  is  discussed  in  details  below.  In  a  high 
frequency  range  an  additional  decoupling  clamp 
stabilises  the  impedance.  For  a  low  frequency 
range  a  very  simple  solution  is  proposed.  It 
consists  in  application  of  the  Artificial  Mains 
Network  (AMN).  The  AMN  must  anyway  be 
mounted  in  the  supply  line  because  of  the 
conducted  emission  test.  The  method  can  be 
directly  applied  if  a  Cl  clamp  is  used. 


2.  IMPEDANCE  CHARACTERISTIC  OF 
DIFFERENT  INJECTION  APPLIANCES 

All  type  of  injection  appliances  can  be  regarded  as 
a  3-ports  with  the: 

1 .  Equipment  Under  Test  (EUT)  Port, 

2.  Auxiliary  Equipment  (AE)  Port, 

3.  Radio  Frequency  (RF)  Port. 

The  standard  defines  the  common  mode 
impedance  of  the  injection  appliances  visible  from 
the  EUT-Port1  with  matched  resistance  (500)  at 
the  RF-Port.  ■ 


RF 

— 

AE 

EUT 

Fig.1.  The  injection  appliance  as  a  3-port. 


1  This  is  called  EUT  impedance. 
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It  should  be  150Q  ±20f2  in  the  frequency  range 
from  150kHz  to  26MHz  and  150n^^  in  the 

frequency  range  from  26MHz  to  80MHz, 
independently  of  the  load  impedance  at  the  AE- 
Port.  The  EUT  impedance  is  measured  with  an 
open  circuited  and  a  short  circuited  AE-Port.  It  is 
easy  to  fulfil  this  requirement  with  the  CDNs.  An 
example  of  the  EUT  impedance  characteristic  of 
the  CDN  801-6  M3  is  shown  in  Fig. 2  and  Fig. 3. 


0.15  80 

Fig. 2.  The  EUT  impedance  of  a  CDN  with  the  AE- 
Port  opened. 


Fig. 3.  The  EUT  impedance  of  a  CDN  with  the  AE- 
Port  short  circuited. 

The  injection  method  defined  in  the  standard  IEC 
61000-4-6  (EN  61000-4-6)  consists  in  substitution 
i.e.  the  stress  level  to  be  injected  during  the  test  at 
the  RF-Port  is  set  prior  to  the  test,  with  defined 
impedances  at  the  EUT-Port  (100D  to  50Q 
adapter)  and  AE-Port  (150f2)  [5.1]. 

Because  the  EUT  impedance  of  CDNs  is 
practically  insensible  to  a  variation  of  a  load 
impedance  at  the  AE-Port,  the  stress  injected  to 
the  EUT  during  the  test  corresponds  to  the  level  set 
before,  regardless  of  the  impedance  of  the 
Auxiliary  Equipment  connected  to  the  AE-Port2. 


2  Impedance  of  the  Equipment  Under  Test  connected  to  the 
EUT-Port  can  strongly  vary  from  1 500  but  it  does  not  meter.  It 


frequency  range  with  150Q  resistance  at  AE-Port. 


frequency  range  with  the  AE-Port  opened. 


Fig.6.  The  EUT  impedance  of  an  EM  Clamp  in  low 
frequency  range  with  the  AE-Port  short  circuited. 

As  it  is  visible  from  Fig.4,  5,  and  6  the  EUT 
impedance  of  an  EM  clamp,  in  a  low  frequency 
range  (from  150kHz  to  1MHz)  varies  unacceptably 
strongly  with  the  impedance  connected  to  the  AE- 


can  be  increased  with  ferrite  beads  or  decreased  with  leakage 
capacitors  but  it  is  the  way  to  suppress  the  stress  reaching  the 


EUT. 
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Port.  For  quantification  of  this  variation  the 
following  coefficient  is  defined 

*.»(/) 

where  Zopen%  Zshor,  and  Z150  means  the  EUT 

impedance  with  the  AE-Port  opened,  short  circuited 
and  with  1 500  load  respectively.  The  biggest  d  for 
the  AE-Port  open  circuited  is  dMAX  =  +210,  at 
150kHz  and  for  the  AE-Port  short  circuited 
dMAx=  -0.79,  also  at  150kHz. 


Fig. 7.  The  EUT  impedance  of  an  EM  Clamp  in  high 
frequency  range  with  150ft  load  resistance  at  the 
AE-Port. 
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10  80 
Fig. 8.  The  EUT  impedance  of  an  EM  Clamp  in  high 
frequency  range  with  the  AE-Port  opened. 


The  EUT  impedance  is  to  some  extent  stabilised  in 
a  high  frequency  range,  from  10MHz  to  80MHz 
(see  Fig.  7,  8  and  9)  but  deviation  is  still  great, 
c4fAx=  +0.95  for  the  AE-Port  opened  by  10MHz  and 
dMAx  -  +1.83  for  the  AE-Port  short  circuited  at 
39.7MHz. 

The  application  of  an  additional  decoupling  clamp 
at  the  AE-Port  of  the  EM  clamp  gives  the 
improvement  (see  Fig. 10,  11  and  12).  In  frequency 
range  from  about  26MHz  to  80MHz  the  EUT 


impedance  is  practically  independent  of  the  load 
impedance  at  the  AE-Port,  dUAX=  +0.22  for  the  AE- 
Port  opened  by  26MHz  and  dMAX  =  +0.03  for  the 
AE-Port  short  circuited  by  26MHz. 


frequency  range  with  the  AE-Port  short  circuited. 


Fig. 10.  The  EUT  impedance  of  an  EM  Clamp 
extended  with  decoupling  clamp,  in  high  frequency 
range  with  1 50ft  load  resistance  at  the  AE-Port. 
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Fig.1 1 .  The  EUT  impedance  of  an  EM  Clamp 
extended  with  decoupling  clamp,  in  high  frequency 
range  with  the  AE-Port  opened. 
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The  generic  standards  and  many  product  family 
standards  demand,  however  the  start  frequency 
strictly  150kHz. 


Fig.  12.  The  EUT  impedance  of  an  EM  Clamp 
extended  with  decoupling  clamp,  in  high  frequency 
range  with  the  AE-Port  short  circuited. 


3.  HOW  TO  ENSURE  THE  DEMANDED 
STRESS  LEVEL  IN  LOW  FREQUENCY  RANGE 
USING  INJECTION  CLAMP? 


disturbance  into  the  differential  mode.  They  consist 
in  connecting  50ft/50pH  and  250pH  components  in 
the  PE  line  at  the  EUT  side  and  mains  side  of  the 
AMN  respectively  (see  Fig.  15). 

It  must  be  noted  that  the  Radio  Frequency 
Generator  [5.1]  must  be  supplied  with  separation 
transformer  (see  Fig.  15)  as  otherwise  the 
resistance  between  the  AMN  case  and  the  HF- 
Reference  plate  will  be  short  circuited. 


Fig.  13.  The  EUT  impedance  of  an  EM  Clamp  with 
the  AMN  at  the  AE  Port.  The  lines  at  the  network 
side  of  the  AMN  .-  opened. 


EMC  practicians  advice  as  follows: 

1 .  connect  a  casing  of  the  auxiliary  equipment  with 
150ft  to  the  HF-Reference  or 

2.  set  the  level  prior  the  test  with  auxiliary 
equipment  connected  to  the  AE-Port  of  the 
clamp,  instead  of  150ft. 

Both  these  measures  have  disadvantages.  The 
common  mode  impedance  of  the  AE  line  is 
unknown.  Moreover  setting  the  level  with  the 
auxiliary  equipment  is  realistic  only  with  the  AE3 
switched  off.  The  common  mode  impedance  can 
be  different  if  the  AE  operates. 

The  method  proposed  by  the  author  consists  in 
using  Artificial  Mains  Network  (AMN)  for  the  supply 
line.  The  AMN  must  anyway  be  mounted  for 
conducted  emission  tests. 

By  setting  the  disturbance  level  and  by  performing 
the  test,  the  AMN  must  be  isolated  from  the  HF 
Reference  plate.  Resistance  must  be  connected 
between  the  AMN  casing  and  the  reference  plate. 
Its  value  depends  on  the  number  of  used  lines.  It 
must  be  such  that  the  resulting  common  mode 
resistance  of  all  lines  to  the  HF  Reference  is  equal 
to  150ft.  It  is  133ft  in  the  case  of  one  phase,  three 
lines  supply  i.e.:  phase,  neutral  and  protective 
earth.  Impedance  in  the  Protective  Earth  (PE)  line 
in  the  50ft/50pH  V-AMN  is  different  from  the 
impedance  in  the  rest  over  lines  [5.2],  Therefore 
additional  measures  must  be  taken  in  order  to 
avoid  transformation  of  the  injected  common  mode 


3  In  this  context  also  AC  Supply  Network  is  understood  as  AE. 
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Fig.  14.  The  EUT  impedance  of  an  EM  Clamp  with 
the  AMN  at  the  AE  Port.  The  lines  at  the  network 
side  of  the  AMN  .-  short  circuited. 


As  it  is  visible  in  Fig.  13  and  14  the  EUT 
impedance  with  the  AE-Port  loaded  with  the  AMN 
and  corresponding  additional  components  is 
insensitive  to  the  impedance  at  the  network  side  of 
the  AMN  in  the  whole  frequency  range,  up  to 
80MHz.  Because  of  high  impedance  variation 
above  30MHz,  it  is  recommended  to  set  30MHz  as 
upper  frequency  limit  of  application  of  the  proposed 
solution. 
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4.  CONCLUSIONS 

The  EM  Clamp  itself  does  not  ensure  a  stable  EUT 
impedance,  so  it  is  negligent  not  to  take  any 
measures  if  the  load  impedance  at  the  AE-Port  is 
unknown.  Extension  of  the  EM  clamp  with  a 
decoupling  clamp  makes  the  EUT  impedance 
insensitive  only  from  about  26MHz.  In  the 
frequency  range  from  150kHz  to  about  30MHz  the 
commonly  used  50Q/50pH  AMN  stabilises  EUT 
impedance  very  well.  For  this  application  the  AMN 
must  be  connected  to  the  HF  Reference  plate  with 
a  resistance.  The  resistance  between  the  AMN 
casing  and  the  HF  Reference  depends  on  the 
number  of  supply  lines. 

PE  line  in  the  AMN  has  a  different  HF  impedance 
than  the  rest  over  lines.  Additional  RL  components 
therefore  have  to  be  connected  to  the  PE 
connector  in  the  AMN  in  order  to  avoid 
transformation  of  the  common  mode  disturbance 
into  the  differential  mode.  In  order  not  to  short 
circuit  the  resistance  between  the  AMN  casing  and 
the  HF  Reference,  the  RF  Generator  must  be 
supplied  with  the  isolation  transformer. 

The  modified  AMN  in  low  frequency  range  (up  to 
26MHz)  and  additional  decoupling  clamp  in  high 
frequency  range  are  complementary  measures  to 
ensure  stable  impedance  conditions. 

The  proposed  method  cannot  be  applied  if  the 
tested  system  or  installation  is  equipped  with 
additional  installation  lines  which  are 
independently,  galvanically  connected  to  the  earth 
system,  such  as:  metal  water  or  metal  gas  pipes. 
Such  connections  makes  short  circuit  of  the 


resistance  connected  between  the  AMN  and  the 
HF  Reference. 

The  same  procedure  can  be  applied  for  Cl  clamps. 
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In  the  paper  application  of  the  new  instruments  -  the 
magnetic  storm  indicators  (MSI)  for  the  natural 
magnetic  field  registration  in  the  city  conditions  has 
been  described. 

The  construction  of  devices  using  fluxgate  sensors 
allow  to  use  MSI  in  various  conditions  and  premises 
with  the  larger  level  of  electromagnetic  noises. 

The  description  of  main  characteristics  of  MSI  are 
shortly  presented. 

1.  INTRODUCTION 

Necessity  to  make  defences  measure  from  the 
influence  of  magnetic  storm  (MS)  in  the  first  place 
dictate  need  for  the  means  of  its  revelation  in  the  real 
time  scale  in  the  industrial  big  city  conditions  with 
strong  artificially  created  electromagnetic  radiations  and 
by  noises,  amplitude  which  can  achieve  1...  10  pT  and 
more  [2,  8,  11,  16,  19].  Till  recent  time  was  believed, 
what  to  fix  MS  you  may  only  in  places  with 
comparatively  quiet  magnetic  field,  without  strong 
industrial  noises  [5],  Knownly,  what  level  of  noise  with 
the  net  frequency  in  ordinary  laboratory  conditions  or 
in  the  urban  hospitals  condition  and  clinic  can  exceed 
the  variations  of  natural  geomagnetic  field  (GMF)  in 
thousand  and  more  time  [5,  8],  Noise  from  electrify 
transport  have  impulse  character  and  compose  as  to 
amplitude  dozens  of  nT  at  a  distance  in  the  hundreds  of 
metres  [2,  8,  11],  The  spectral  structure  of  urban 
noises  practically  superimpose  the  spectra  of  all  known 
signals  from  biological  objects.  The  maximum  of  the 
spectrum  of  GMF  variations  generally  it  is  necessary  on 
the  domain  of  approximately  twenty-four  hours 
periods,  depending  on  the  geomagnetic  latitude  of  the 
observation  place,  with  the  sharp  decrease  in  the  domain 
of  short  periods.  During  strong  MS  the  spectrum  of 
geomagnetic  variations  shift  in  the  domain  of  short 
periods  [10,  11], 

2.  PRELIMINARY  INVESTIGATIONS  AND 
PROBLEME  SOLVING 

From  the  point  of  view  of  medicine  and 
magnetobiology  that  fact  now  does  not  cause  any  more 
of  doubts,  that  electromagnetic  fields  (EMF)  of  a 
natural  origin  should  be  considered  as  one  of  the  major 


ecological  factors  [1,  2,  8,  9,  11,  18,  20],  The  presence 
of  natural  EMF  in  an  environment  is  completely 
necessary  for  existence  of  normal  ability  to  live,  and 
their  absence  or  the  deficiency  -  results  to  serious 
negative,  at  times  even  to  irreversible  consequences  for 
alive  organism  [1,  11,  17, 18,  20], 

Our  investigations  [1,  3-8,  11,  14-16,  18,  20]  showed 
the  principle  possibility  of  diagnistic  magnetometers 
(DM)  application,  realized  on  the  basis  of  fluxgate 
sensors,  in  tire  sity  conditions  with  tire  larger  level  of 
electromagnetic  noises.  Therefore  in  1990  in  1ZMIRAN 
begin  to  creation  of  simple  and  inexpensive  instruments 
for  the  equipment  of  medical  establishments,  capable 
visualized  the  process  of  the  GMF  change  in  real  time 
[10-14],  As  a  result  was  created  a  new  class  of  DM  -  the 
magnetic  storm  indicators  (MSI). 

Are  carried  out  of  investigations,  purpose  which  was 
creation  reliable  and  inexpensive  instruments  for  MS 
revelation  in  tire  conditions  with  the  high  level  of 
technogenic  hindrances  and  noises,  for  the  realization  of 
local  electromagnetic  control  in  hospitals,  clinics,  in  the 
rest  zones,  in  residential  and  manufacturing  premises.  In 
tire  process  of  experimental  works  were  created  special 
computer  programs  allowing  to  conduct  correlation 
analysis  receivable  medical  and  geophysical 
information. 

Manufactured  in  period  from  1992  to  1999  models  of 
MSI  were  received  small,  simple  in  exploitation  and 
maintenance  [10,  13],  The  experimental  samples  of  a 
number  of  instruments  passed  clinical  and  laboratory 
tests  in  research  centers  and  organisations.  Accumulated 
the  experience  of  various  types  DM  and  MSI 
application  in  clinic  showed  the  principal  possibility  of 
application  created  magnetometrical  equipment  in  the 
conditions  with  the  larger  level  of  technogenic 
electromagnetic  noises  [3,  5,  13],  It  was  shown 
experimentally  the  possibility  and  the  necessity  of  MS 
registration  in  the  clinic  conditions  [4,  8,  15,  16],  Main 
characteristics  of  created  analog  and  digital  MSI  are 
presented  below. 

3.  MAGNETIC  STORM  INDICATORS 

The  MSI  MF-01  [10,  13]  is  high  sensitivity  analog 
magnetometer  includes  in  itself  two  units:  the  magnetic 
measuring  converter  -  MMC  (250x80x40  mm)  and  the 
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indication  unit  -  IU  (110x90x55  mm),  connected 
between  each  other  cable  by  length  10..  15  m. 
Information  about  the  MS  intensity  change,  its 
instantaneous  significance  on  the  6-level  luminous 
indicator  are  represented.  Weight  of  instrument  is  not 
above  1,2  kg. 

The  MSI  MF-04  MAGIC  [13]  was  create  as  a 
laboratory  device  consisting  two  units:  MMC  and  IU, 
connected  between  each  other  cable  by  length  6...  10  m. 
Information  about  the  change  of  MS  intensity,  its 
instantaneous  and  middle  significance  for  the  60-minute 
interval  of  time,  visualized  on  luminous  indicator  of  IU. 
For  the  current  time  indication  are  used  built-in  timer 
and  digital  display.  Is  provided  the  possibility  of  the  MS 
value  indication  at  the  help  of  switch  on  the  acoustic 
signalling  and  possibility  of  around-the-clock 
receivable  information  fixing  in  tire  real  time  scale  at 
the  help  of  analog  recorder.  Number  of  fixed  by  the 
indicator  of  the  MS  gradation  is  6.  The  weight  of 
instrument  is  not  above  3  kg. 

Small-size  diagnostic  magnetometer  -  MSI  MF-05 
[12-14]  was  create  as  a  home  appliances  wall- 
instrument.  Information  about  the  change  of  MS 
intensity,  its  instantanous  significance,  visualized  on 
luminous  indicator.  Are  provided  the  possibility  of  the 
MS  value  indication  at  the  help  of  sound  signalling  and 
the  possibility  of  fixing  and  visualize  its  maximal 
significance  at  the  help  of  luminous  indicator. 
Instrument  lets  around-the-clockly  to  fix  receivable 
information  in  the  real  time  scale  at  help  of  analog 
recorder.  Number  of  MS  gradations  fixed  by  the 
indicator  is  6.  The  remote  magnetometer  cable  length  is 
6...  10  m.  Units  dimensions  are  160  mm  (length)  and  70 
mm  (external  diameter).  Weight  of  MSI  MF-05  is  not 
above  0.5  kg.  Instrument  is  handy  to  work  and  MS 
registration  in  inhabited  room  conditions  [20], 

Created  MSI:  MF-01,  MF-04  MAGIC  and  MF-05 
successfully  were  used  for  realization  electromagnetic 
monitoring  in  conditions  of  clinics  Moscow,  Yalta  and 
Kislovodsk  sityes  [4-8,  13-16],  For  example,  MF-01, 
established  in  branch  of  reanimation  Central  Railway 
Hospital  ( CRH)  No.3  of  Moscow,  lias  studied  in  a 
continuous  mode  more  tlian  six  years.  Use  MSI  in  clinic 
lias  allowed  us  to  produce  the  necessary 
recommendations  for  revealing  and  to  treatment  of  the 
magnetodepending  cardiological  patients  [4,  18], 

By  the  beginning  of  active  realization  of  research 
work  on  study  of  biotropical  influence  of  natural  and 
artificial  EMF  creation  has  per  capita  served 
experimental  model  of  the  Geophysical  Data  Logger  - 
MSI  IDL-04  [13,  21],  MSI  IDL-04  is  appointed  for 
registration,  storage,  processing,  analysis  and 
representation  of  slowly  changeable  in  real  time 
information  from  eight  analog  sensors,  as  an  one  of 
which  is  used  MMC  (140x80x40  mm).  IDL-04  carries 
out  visualization  of  " signal-time "  schedule  on  display, 
transmitting  the  measuring  data  in  PC,  the  output  of 
data  in  analog  recorder,  the  production  of  the  "hard 
copy"  of  display  on  printer,  calculation  and 
demonstration  of  the  magnetic  activity  index. 


Instrument  will  realize  the  original  algorithm  of  work 
which  lets  using  receivable  in  the  tempo  of  experiment 
data,  to  signallized  about  the  MS,  to  calculate  and 
visualize  K-itidex  of  magnetic  activity  on  base  of  the 
search,  detections  and  the  definitions  of  days  with  quiet 
geomagnetic  simation.  At  the  calculation  of  magnetic 
disturbance  and  the  index  of  magnetic  activity  the 
registration  data  undergo  by  digital  filtration.  The 
volume  of  nonvolative  memoiy  lets  to  data 
accumulation  during  14...  113  days.  The  instruments 
weight  is  not  above  3  kg. 

At  present  time  MSI  IDL-04  already  four  years  is 
used  for  monitoring  realization  and  MS  registration  in 
clinic  conditions  (in  Moscow  CRH  No.3),  where  is 
organized  continuous  service  of  tracking  for  an 
environmental  electromagnetic  conditions  in  real  time 
scale,  that  allows  to  have  constantly  data  about  current 
magnetic  field  disturbance  and  in  due  time  to  carry  out 
therapy  of  magnetosensitivity  ill  at  the  MS  beginning 
[3,4].' 

Magnetic  Activity  Recorder  -  MSI  IDL-04M  [10] 
appear  a  modem  model  of  IDL-04.  It  is  appointed  for 
measurement  in  real  time  of  D -component  of  GMF 
variations,  for  registration,  accumulation,  processing, 
analysis  and  the  data  representation  of  this 
measurements,  for  the  arranging  of  monitoring  works  as 
to  tire  investigation  of  surrounding  environment,  for 
arranging  medical  and  magnetobiological  researches. 
IDL-04M  has  two  measuring  channel  for  MMC 
connecting  by  cables  (8...  10  m).  Instrument  has  built-in 
graphic  indicator.  Fixed  magnetic  field  data  undergo 
digital  filtration.  The  volume  of  nonvolative  memory 
lets  to  accumulate  information  during  65  days.  The 
instruments  weight  is  not  above  2  kg. 

Now  MSI  IDL-04M  during  one  year  in  Research 
Laboratory  of  Moscow  Physics-Technical  Institute  is 
used  successfully. 

Universal  Data  Logger  -MSI  IDL-07  [13,  21]  can 
decide  a  lot  of  scientific,  research  and  applied  problems 
in  geophysics,  to  find  broad  application  for  monitoring 
works  realization  on  multiparametrical  research  of  an 
environment,  to  help  of  preventive  measures 
realizations  in  medicine,  to  be  applied  in 
magnetobiological  researches.  On  the  basis  of  IDL-07  it 
is  possible  construction  of  autonomous  observatories 
and  stations  for  a  measurement  of  various  physical 
fields. 

The  MSI  IDL-07  is  functionally  independent  compact 
device  of  a  continuous  operation  intended  for 
registration,  accumulation,  processing,  analysis, 
visualization  and  transfer  to  PC  informations  from 
analog  sensors  on  8  measuring  channels.  It  includes  IU 
(200x140x230  mm)  and  two  of  analog  magnetometer 
converters  MMC,  which  are  connected  accordingly  to 
first  and  second  measuring  channels.  Remaining  the 
measuring  channels  can  be  used  for  connection  of 
electrical  field,  pressure,  humidity,  temperature  and 
other  sensors,  have  an  electrical  output. 

Both  MMC  represent  highly  sensitive  and  high- 
precision  one-component  fluxgate  magnetometers,  first 
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of  which  (140x80x40  mm)  allows  to  conduct 
measurements  of  GMF  D-component  variations  in  any 
region  of  Globe  without  additional  tuning,  and  second 
MMC  (60x20x20  mm)  is  intended  for  an  amplitudes 
measurement  of  artificially  created  constant  or  variable 
magnetic  fields  for  want  of  realizations  of  researches  in 
coil  systems,  in  magnetic  shielded  rooms  and  cameras, 
in  locations  and  observatories. 

The  MMC  IDL-07  realizes  the  following  operations: 
visualization  on  the  indicator  of  the  schedule  " signal  - 
time",  transfer  accumulated  datas  through  the  serial 
port,  accumulation  of  datas  in  internal  memoiy,  account 
and  demonstrating  of  a  magnetic  activity  index.  The 
possibility  of  digital  indication  of  outcomes  is  stipulated 
measurements  of  a  magnetic  field  on  each  from 
magnetometric  channels  for  want  of  realizations  of  their 
preliminary  adjustment,  calibration  and  for  want  of 
realizations  of  discrete  measurements. 

In  a  mode  of  long  continuous  work  IDL-07 
automatically  watchs  current  magnetic  disturbations. 
For  the  notification  about  the  fixed  disturbation  the  MSI 
is  supplied  with  the  sound  signalisation.  For  want  of 
account  of  amplitude  of  magnetic  disturbation  and  index 
of  magnetic  activity  the  datas  of  IDL-07  are  subjected 
of  digital  filtration.  The  main  parameters  and 
operational  modes  of  IDL-07  are  selected  with  the  help 
of  functional  buttons  located  on  forward  board  of  IU, 
agrees  the  menu  or  can  be  make  by  the  program 
depending  on  the  users  problems.  The  IU  is  supplied 
with  the  liquid-crystal  graphics  display  with  sizes  of  320 
x  240  points.  For  want  of  realizations  long  continuous 
measurements  with  IDL-07  the  power-down  mode  is 
stipulated.  It  is  appointed  for  the  carrying  out  of 
monitoring  works  as  to  the  investigation  of  surrounding 
environment,  for  execution  of  medical  and 
magnetobiological  researches.  On  the  basis  of 
instrument  is  possible  of  autonomous  stations  and 
observatory  construction. 

Magnetic  Activity  Recorder  -  MSI  IDL-09  [10]  is 
appointed  for  detection  and  the  indications  of  the  MS 
amplitude  in  any  regions  of  Globe  in  the  real  time 
scale,  for  measurement,  regisration,  logging,  analysis 
and  data  representation  about  the  magnetic  field  change. 
The  volume  of  nonvolative  memoiy  lets  to  accumulate 
the  information  during  3. ..5  days.  Instrument  lias  analog 
output  and  equipped  by  built-in  digital  (graphic ) 
display. 

The  power  supply  of  all  devices  is  carried  out  as  from 
storage  battery  by  voltage  9...  12V  DC  or  from  network 
AC  by  standard  network  adapter.  The  more  detailed 
characteristics  of  the  created  devices  are  given  in  [10, 
13,21]. 

4.  CONCLUSIONS 

In  IZMIRAN  during  last  10  years  experimental 
samples  of  DM  on  base  of  the  one  component  fluxgate 
sensor  are  created,  which  main  advantages  are: 
economy,  small  sizes  and  weight,  and  also  rather  low 
cost.  Our  researches  have  shown,  that  these  devices  can 


be  used  for  measurement  of  natural  GMF  variations  and 
magnetic  fields  created  by  artificial  sources  in  any 
premises  in  conditions  of  industrial  city.  For  use  in  the 
field  of  medicine  and  magnetobiology  the  new  class  of 
devices  -  magnetic  storm  indicators  is  created.  MSI 
allow  to  determine  and  visualized  of  MS  amplitude  in 
any  area  of  Globe  in  real  time  scale  and  by  that  to  help 
practical  medicine  in  rendering  the  duly  help  to  the 
people  subject  to  heightened  sensibility  to  changes  of  a 
magnetic  field. 

New  generation  of  digital  MSI  IDL-04,  IDL-07  and 
IDL-09  allow  to  fix  physical  fields  and  processes,  to 
connect  the  analog  sensors,  placed  in  city,  as  basic 
meteorological  parameters  (temperature  and  humidity  of 
air,  atmospheric  pressure,  speed  of  a  wind  etc.),  and 
geophysical  parameters  (electrical  and  magnetic 
components  of  a  natural  field).  At  the  same  time  with 
magnetometrical  information  such  devices  allow  the 
information  to  spend  of  multiparametrical  monitoring 
work  on  research  of  an  environment,  it  is  more  effective 
visualized  occuring  processes  at  realization  of 
magnetobiological  researches. 
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Highly  sensitive  sensors  for  measurement  of  elec¬ 
tromagnetic  radiation  are  necessary  when  carrying  out 
experimental  investigations  of  electromagnetic  com¬ 
patibility  problems.  Some  peculiarities  of  choice  of 
highly  sensitive  induction  sensors  (IS)  parameters  from 
the  point  of  view  of  achievement  of  minimal  discrimina¬ 
tion  threshold  are  considered  in  the  paper.  Especially 
great  attention  is  devoted  to  the  problem  of  inadmissi¬ 
bility  of  using  noise  factor,  in  general,  for  determination 
of  optimal  parameters  of  IS  and  to  the  problem  of  ne¬ 
cessity  of  taking  into  account  correlation  among  noise 
sources  of  IS  pre-amplifier. 

1.  INTRODUCTION 

When  solving  many  applied  problems  of  electro¬ 
magnetic  compatibility,  measurement  of  shielding  fac¬ 
tor,  monitoring  of  electromagnetic  environment  con¬ 
tamination,  applied  geophysics  and  others  it  is  necessary 
to  use  highly  sensitive  sensors,  with  the  help  of  which 
the  discrimination  threshold  l-lO'5  +1-10'7  nT/Hz0,5  can 
be  achieved  within  the  frequency  range  1  Hz  -s-  1  MHz 
[11- 

In  principle  such  discrimination  threshold  can  be  re¬ 
alised  with  the  help  of  IS.  But  the  problems  of  realisa¬ 
tion  of  such  discrimination  threshold  is  complicated 
because  of  limited  mass  and  dimensions  of  IS.  Even 
usage  of  precious  operational  amplifiers  [2]  do  not  guar¬ 
antee  achievement  of  needed  discrimination  threshold. 

Investigations  show  that  even  application  of  modem 
materials  for  sensors  and  electronic  components  often 
can  not  lead  to  the  expected  results  if  the  conditions  of 
matching  of  that  structural  parameters  of  sensors,  which 
determine  signal-to-noise  ratio,  with  noise  parameters  of 
preliminary  amplifier  are  not  executed  [3]. 

2.  BASIC  NOISE  PARAMETERS  OF  SENSORS 
AND  PRE-AMPLIFIERS 

For  analysis  of  problem  of  achievement  of  minimal 
IS  discrimination  threshold  we  use  the  following 
equivalent  signal-noise  scheme  (Fig.  1).  Noise  parame¬ 
ters  of  an  amplifier  (transistor,  integrated  circuit)  can  be 
described  with  the  help  of  linear  noisy  four-pole,  in 
which  the  equivalent  noise  current  and  voltage  sources 


reduced,  more  often,  to  the  input  of  an  amplifier,  are 
used.  In  such  case  the  real  noisy  four-pole  is  substituted 
by  two  sequentially  connected  four-poles:  first  includes 
only  equivalent  noise  sources,  which  have,  in  general 
case,  cross-correlation,  second  is  noiseless  and  charac¬ 
terise  only  amplification  properties  (Fig.  1). 


Fig.  1.  Equivalent  signal-noise  scheme  of  sensor  with 
pre-amplifier 

The  dispersions  of  noise  e.m.f  e2  and  current  i2 , 
shown  on  the  Fig.  1  equivalent  noise  scheme,  can  be 
determined  experimentally  by  measuring  output  noise 
voltage  in  a  narrow  frequency  band  in  the  modes  of 
short-circuit  and  open  circuit  on  its  input  accordingly. 

Complex  correlation  coefficient  can  be  defined  in 
the  following  way: 

r  =  a+jp  =  e'nij -Je2n-i2n  =  \y[eJ\  (1) 

where  a  and  f  are  real  and  imaginary  parts  of  a  complex 
correlation  coefficient  y,  e„*  -  conjugate  value  of  a  noise 
e.m.f;  |  y\  and  cp  -  module  and  phase  of  a  complex  cor¬ 
relation  coefficient. 

Signal  source  parameters  are  defined  in  Fig.  1  in  the 
following  way:  Z,  -  complex  source  impedance,  ReZ, 
and  ImZj  -  real  and  imaginary  components  of  signal 
source  impedance,  which  are,  in  general,,  functions  of 
structural  parameters  of  signal  source,  es  -  signal  e.m.f, 
enReZ  -  e.m.f  of  thermal  noise  of  signal  source  resistance, 
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which  value  is  determined  by  expression  AkTBjtZ,, 
where  *=1,3 81  O'23  J/K  -  Boltzmann's  constant,  T  -  tem¬ 
perature,  K.  Here  and  below  we  consider  that  spectral 
densities  are  determined  in  the  band  Afy=\  Hz. 

Correlation  coefficient  of  amplifier  noise  sources 
can  be  found  by  using  specific  values  of  signal  source 
impedance.  Real  component  of  correlation  coefficient  a 
can  be  determined  when  using  pure  real  resistance  at  the 
amplifier  input,  and  imaginary  component  p  -  when  us¬ 
ing  pure  imaginary  impedance.  These  problems  are  con¬ 
sidered  enough  in  literature  [4-6]. 

3.  LIMITATION  OF  USING  NOISE  FACTOR 
FOR  OPTIMISATION  OF  PARAMETERS 
OF  INDUCTION  SENSORS 

Noise  factor  F  is  often  used  for  comparison  of  pre¬ 
amplifiers  qualities  [4,7,8].  It  shows  how  many  times  a 
signal-to-noise  ratio  decrease  when  passing  through  an 
amplifier: 


F  =  tf/eLz)/{u«/U*),  (2) 

where  (t/2  /U2)  -  relation  of  signal  and  noise  powers  at 
an  amplifier  output. 

As  U) / e\  =  K}v  ,  where  Ky  -  amplification  coeffi¬ 
cient,  so 


enR  tZ 


(3) 


For  scheme  in  Fig.  1: 


F  =  l  + 


el  +t\zs  2  +2P„,(gReZj  +PbnZs) 


P  Re  Zs 


(4) 


The  value  e„i„=P„  is  often  named  noise  power  of  an  am¬ 
plifier  [3]. 

Eq.  4  characterise  sufficiently  noise  properties  of 
different  amplifiers  when  using  the  same  signal  source. 
But  Eq.  4  is  often  used  mistakenly  for  determining  op¬ 
timal  values  of  signal  source  impedance  [4,  7,  8].  From 
conditions  cF/dReZ,  =  0  and  dFjd'\sa.Zs  =  0  one  can 
find 


ReZ10pl  =  jr^?f,  (5) 

*n 

(6) 

ln 

But  such  approach,  named  determining  of  noise  mat¬ 
ching  mode  [4,8],  does  not  guarantee  achievement  of 


maximal  signal-to-noise  ratio.  From  Eq.  2  we  can  re¬ 
ceive 

(7) 

It  is  clear  that  maximum  of  UjUn  is  achieved  when  F  is 
minimal  only  in  the  case  when  signal-to-noise  ratio  in  IS 
is  itself  invariable.  But  in  almost  all  cases  changing  sig¬ 
nal  source  impedance  lead  to  change  of  this  ratio.  This 
condition  is  fulfilled  when  using  matching  transformer 
but  it  itself  is  a  source  of  additional  noise  [9]. 

Thus  in  spite  of  achievement  of  noise  factor  mini¬ 
mum,  which  equals 

^  +  7^),  (8) 

when  conditions  (5)  and  (6)  are  executed,  maximum  of 
signal-to-noise  ratio  can  be  far  from  optimal.  Little  value 
of  noise  factor  can  mean  only  that  sensor  parameters  are 
chosen  in  such  a  way  that  it  becomes  worse  a  little  when 
pre-amplifier  is  connected  to  IS.  That  is  why  application 
of  noise  factor  for  impedance  optimisation  of  signal 
source  (IS  also)  is  inadmissible. 

4.  CORRECT  OPTIMISATION  OF  INDUCTION 
SENSOR  PARAMETERS 

We  consider,  for  example,  optimisation  of  IS  im¬ 
pedance  with  some  limitations  of  mass  and  dimensions 
of  a  sensor.  Such  limitations  are  obligatory  because  IS, 
that  are  used  for  investigations  of  electromagnetic  com¬ 
patibility,  must  be  carried  easily  and  be  small  enough  in 
order  to  have  a  possibility  to  consider  the  magnetic  field 
in  IS  volume  as  homogeneous.  Analysis  can  be  realised 
with  the  help  of  scheme  in  Fig.2.  Here  additional  ca¬ 
pacitance  Ca,  which  is  connected  parallel  with  IS,  is 
used.  It  does  not  practically  change  signal-to-noise  ratio 
in  sensor.  IS  turn  number  is  another  parameter  that  is 
used  together  with  Ca  to  regulate  module  and  phase  of 
source.  The  point  is  (as  it  is  shown  in  [10])  that  such 
parameters  as  es,  r,  L  can  be  written,  when  mass  and 
dimensions  are  limited,  as  functions  of  the  only  struc¬ 
tural  parameter  of  IS  -  turn  number: 


Fig.  2.  Equivalent  scheme  of  induction  sensor  with 
pre-amplifier  and  additional  capacitance 
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e,  =  k'WcoH,  (9) 

r  =  krw2,  (10) 

L  =  kLw2.  (11) 

Thus  for  scheme  in  Fig.  2  can  be  obtained 

-j-  =  ktcowH j{^kTkrw2  +  e2|(l  -  (o2kLw2C^)  + 

ft 

+  o)2C2k2wA)  +  i2y(k2r  +  co2 kl)  +  2 e„i„w2(akr  +  pm(kL  - 

-k2co2C2~k2LwWCa)f\  (12) 


In  this  case  module  of  IS  impedance  together  with 
additional  capacitance  is  equal  to 

I  Zz\  =  e„/in=Rn*,  (17) 

that  is  a  value,  which  is  named  equivalent  input  noise 
impedance  of  pre-amplifier  [3].  This  result  coincides 
result  obtained  by  using  Eqs.  5  and  6  but  now  matching 
is  realised  correctly  because  it  takes  into  account 
changes  of  IS  signal  value.  Real  and  imaginary  compo¬ 
nents  of  impedance,  calculated  by  Eqs.  14  and  15  also 
coincide  Eqs.  5  and  6. 

5.  INFLUENCE  OF  CORRELATION  COEFFICIENT 
ON  OPTIMISATION  OF  INDUCTION  SENSOR 


or  expression  for  discrimination  threshold: 

H, *  =(4  my  +e2„((l  -a>2kLw2Caf  + 

+  0)2C2ak2y)  +  i2y(k2  +  fi>2*2)  +  2ejy(akr  +  pa>(kL  - 
-  k)co2C\  -  £2w2m2Ca))j  jk,cow.  (13) 

Optimal  values  of  w  and  Ca  when  Eq.  12  reaches  maxi¬ 
mum  and  Eq.  13  -  minimum,  are  equal  to 


Neglect  of  correlation  coefficient  of  pre-amplifier 
noise  sources  must  be  discussed  thoroughly.  Firms  that 
elaborate  integrated  circuits  and  other  amplifiers  do  not 
give  information  about  y  [11].  In  such  cases  we  are 
forced  to  consider  that  y=0  and  then  Eqs.  12-rl5  trans¬ 
form  to  the  following  expressions: 

—  =  ktawH j{^kTkrw2  +  e2|(l  -  co2kLw2Ca )  + 

ft 

+ co2c2ak2y) + y(k2 + co2ki)) ,  (i  8) 

+  w2C2aky)  +  i2y(k2  +  a)2k2L)  +  2ejy(akr  +  pco(kL  - 

-  k2ra>2C2a-  Jk'Ow,  (19) 


In  this  case  signal-to  noise  ratio  equals 


expression  ktj^kr  ,  which  is  determined  only  by  pecu¬ 
liarities  of  IS  structure  and  its  mass  and  dimensions. 
Thus  designing  of  highly  sensitive  IS  should  be  started 
from  choice  of  structural  parameters  in  such  way  that 
Kl4K  becomes  maximal  and  then  optimal  values  of  w 
and  Ca  must  be  found. 

The  considered  example  is  simplified  and  is  suit¬ 
able,  certainly,  only  for  elaboration  of  IS,  that  work  in  a 
very  narrow  frequency  band.  In  particular  in  this  case  it 
is  supposed  the  resonance  frequency  of  IS  coil  is  suffi¬ 
ciently  higher  than  operating  frequency.  We  have  con¬ 
sider  first  of  all  this  case  with  the  aim  to  illustrate  the 
principle  of  highly  sensitive  IS  optimisation  itself. 


Thus  it  seems  that  U,  jU„  is  equal  after  substitution  of 
Eqs.  20  and  21  in  Eq.  1 8  to  the  following  expression: 

=  k'C0Hl^2kr(lkT+enin).  (22) 

But  U,/U„  is  equal  really  to  lesser  value  because  sub¬ 
stitution  of  Eqs.  20  and  21  must  be  done  in  Eq.12.  Thus 


This  expression  is  less  than  Eq.  16.  Thus  neglect  of 
correlation  coefficient  can  lead  to  impossibility  of 
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achievement  of  needed  threshold  when  designing  highly 
sensitive  IS. 

So  it  is  necessary  to  pay  more  attention  to  the  prob¬ 
lem  of  measuring  correlation  coefficient  because,  as 
literature  analysis  [4-6]  shows,  possible  errors  and 
choice  of  optimal  modes  and  input  impedance  are  not 
studied  thoroughly  during  such  measurements.  In  par¬ 
ticular,  some  times  Z-parameters  of  transistors  are  not 
considered  correctly  [6]. 

6.  CONCLUSIONS 

1.  Application  of  noise  factor  for  optimisation  of 
highly  sensitive  inductive  sensors  is,  in  general,  inad¬ 
missible. 

2.  Maximum  of  signal-to-noise  ratio  or  minimum 
of  discrimination  threshold  of  induction  sensors  must  be 
used  as  a  optimisation  criterion. 

3.  When  choosing  optimal  parameters  of  IS  the  to¬ 
tal  impedance  of  IS  (together  with  additional  elements) 
must  be  determined  by  Eqs.  5  and  6,  but  with  condition 
that  in  expression  for  signal-to-noise  ratio  the  dependen¬ 
cies  of  the  signal  on  these  parameters  are  used. 

4.  When  designing  highly  sensitive  inductive  sen¬ 
sors  the  correlation  coefficient  of  pre-amplifier  noise 
sources  must  be  taken  into  account  necessarily. 
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A  new  type  of  sensor  made  of  a  stub  of  slotline  of 
special  form  for  reception  of  transient  electric  field  is 
developed.  The  experimental  results  on  investigation  of 
the  slotline  sensor  are  given.  The  time  shape  of  the 
received  signal  in  E-  and  H-planes  and  cross¬ 
polarization  level  were  measured.  The  reflection 
coefficient  in  time  domain  of  the  slotline  sensors  was 
measured  as  well.  The  proposed  slotline  sensor  has 
grater  directivity  as  compared  to  a  thin-wire  dipole 
while  keeping  the  same  time  shape  of  the  received 
signal  and  the  same  cross-polarization  level. 

1.  INTRODUCTION 

The  problem  of  measurement  of  transient  field 
characteristics  is  very  important  and,  at  the  same  time, 
is  very  complicated  for  realization  due  to  specific 
features  and  nature  of  these  signals.  Several  types  of 
antennas  and  sensors  such  as  linear  antennas  loaded 
nonuniformly  and  continuously  with  resistance,  or  with 
both  resistance  and  capacitance,  conical  antenna,  bow- 
tie  antenna,  TEM-hom  was  proposed  for  radiation, 
reception  and  measurement  of  characteristics  of 
radiated  transient  fields  [1-3], 

In  this  paper,  a  new'  slotline  sensor  with  improved 
characteristics  for  reception  of  transient  impulsive 
signals  is  described.  The  experimental  results  on 
investigation  of  the  sensor  are  given. 

2.  SLOTLINE  SENSOR  DESIGN 

Three  basic  types  of  the  slotline  sensor  of  various 
shapes  and  sizes  were  investigated.  An  a-type  sensor  is 
a  piece  of  metallized  dielectric  substrate  of  rectangular 
form  with  cutted  slotline  [4],  The  sensor  has  length  L 
and  width  W  (Fig.  la).  Dimensions  of  the  investigated 
a-type  sensors  are  given  in  Table  1. 


TABLE  1 

DIMENSIONS  OF  THE  SLOTLINE  SENSORS  OF  A-TYPE. 


Type 

Length,  mm 

Width,  mm 

Relative 

dimensions 

al 

10 

40 

t/10  x  t/3 

a2 

20 

40 

t/6  x  t/10 

a3 

40 

40 

t/3  x  t/3 

10mm 

Fig.  1 .  Slotline  sensors. 

The  slotline  used  for  design  of  the  sensors  is  made 
on  1.5  mm  thick  dielectric  substrate  with  s  =  4.2.  The 
width  of  the  slot  (0.2  mm)  is  choosen  in  order  that  the 
wave  impedance  of  the  slotline  consists  of  about  75  £2  at 
the  frequency  of  2  GHz. 

A  b-type  sensor  consists  of  a  square  stub  of  the 
slotline  with  soldered  dipole  at  the  front  end.  The 
dipole  is  made  of  2mm  diameter  copper  wire  and  have 
whole  length  of  40  mm  (Fig.  lb).  A  c-type  sensor  is  a 
piece  of  the  slotline  having  form  of  capital  T  (Fig.  lc). 
This  type  of  the  sensor  is  some  modification  of  b-type 
sensor.  All  dimensions  of  the  c-type  sensor  are  given  in 
Fig.  lc. 

All  the  sensors  are  fed  directly  by  a  50Q  coaxial 
cable  of  4  mm  outer  diameter  with  a  few  ferrite  rings 
putted  on  the  cable  near  the  transition  from  the  cable  to 
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the  slotline.  As  it  follows  from  our  early  investigations, 
such  type  of  the  transition  from  the  coaxial  line  to  the 
slotline  show  small  return  losses  in  a  wide  band  (DC  to 
>2.5  GHz)  and  good  transient  performance. 

For  comparison,  the  characteristics  of  usual  thin- 
wire  dipole  were  measured  as  well.  The  dipole  was 
made  of  copper  wires  of  2  mm  diameter  and  had  whole 
length  of  40  mm.  It  was  fed  by  the  same  50Q  coaxial 
cable  with  several  ferrite  rings  placed  near  the  feeding 
point  to  form  matching  transformer. 


3.  TIME  DOMAIN  MEASUREMENTS 

The  measurements  were  carried  out  in  time  domain 
making  use  of  the  set  of  following  devices:  short  pulse 
generator  (SPG),  transmitting  tapered  slot  antenna, 
stroboscopic  oscilloscope  C7-13  (10  GHz),  analog- 
digital  converter,  and  personal  computer  AT  386.  The 
SPG  produces  a  series  of  videopulses  of  triangle  shape 
of  30  V  amplitude  and  of  duration  t  =  0.4  ns.  The 
transient  field  of  linear  polarization  which  is  incident 
on  the  sensor  under  test  was  formed  with  the  tapered 
slot  antenna  on  dielectric  substrate  excited  by  the 
videopulse  form  SPG  [5],  The  signal  received  by  the 
sensor  is  scaled  in  the  stroboscopic  oscilloscope  and 
then  digitized  with  the  analog-digital  converter.  The 
developed  software  allows  to  perform  an  acquisition 
and  processing  of  experimental  data.  The  accuracy  of 
the  set  is  of  about  2-3%  when  measuring  both 
magnitude  and  time  intervals. 

The  magnitude  and  the  time  shape  of  the  signal 
received  by  the  slotline  sensors  in  E-  and  H-planes  as 
well  as  the  cross-polarization  level  were  measured.  The 
time  shape  of  the  signal  received  by  the  slotlinc  sensors 
of  al-,  a2-,  and  a3  types  is  the  same  of  that  received  by 
the  thin-wire  dipole.  As  an  example,  the  time  shapes  of 
the  signal  received  by  the  a2-type  sensor  in  both  planes 
are  depicted  in  Fig.  2.  In  the  figure,  the  angle  0  is  an 
angle  between  the  direction  on  the  observation  point 
and  the  line  coinciding  with  the  slot  on  the  sensor.  It  is 
seen  from  the  figure  that  the  received  signal  has  an 
approximate  form  of  the  third  derivative  of  the 
excitation  pulse.  The  time  duration  of  the  received 
signal  is  of  about  1  ns. 

The  reception  patterns  on  peak  magnitude  of  the 
investigated  sensors  as  well  as  of  the  thin-wire  dipole 
are  shown  in  Fig.  3.  All  patterns  are  normalized  on 
value  of  signal  received  by  the  thin-wire  dipole  from 
the  direction  9  =  0°.  In  the  direction  of  main  maximum 
(6  =  0°),  the  signal  received  with  the  al-  or  a2-type 
sensors  is  of  about  2  dB  grater  then  the  signal  received 
with  the  thin-wire  dipole.  An  increase  of  the  magnitude 
can  be  explained  by  the  fact  that  the  slotline  sensor  has 
enlarged  area  as  compared  to  the  thin-wire  dipole  and, 
hence,  it  has  enlarged  effective  length. 

In  H-plane  the  reception  patterns  of  this  sensors  are 
isotropic  (Fig.  3b,  3c). 


The  a3-type  sensor  has  almost  omnidirectional 
reception  patterns  in  both  planes  (Fig  3d).  Slight 
nonsymmetry  of  the  patterns  with  regard  to  the 
direction  6  =  0°  should  be  assigned  to  insufficient 
matching  of  the  sensor  with  feeding  cable.  The  cross- 
polarization  level  for  the  aforementioned  slotline 
sensors  and  dipole  is  the  same  (of  about  -20  -s-  -25  dB). 


Figure  2.  Time  shapes  of  the  signal  received  with  the 
a2-type  slotline  sensor:  a  -  E-plane,  b  -  H-plane. 

The  slotline  sensors  of  complex  form  bring  some 
distortions  into  the  received  signal.  At  the  same  time, 
the  magnitude  of  the  received  signal  is  smaller  by  20  - 
30%  in  comparison  with  the  signal  received  with  the 
thin-wire  dipole  (Fig.  3e,  3f).  Apparently,  this  is  due  to 
the  fact  that  in  this  case  an  interaction  between  signals 
received  by  soldered  dipole  and  matching  section  of  the 
slotline  (b-type  sensor)  or  by  front  and  back  edges  of 
the  sensor(c-type  sensor)  is  take  place.  Therefore,  the 
resulting  signal  has  distorted  form  and  reduced 
magnitude. 

4.  FREQUENCY  DOMAIN  RESULTS 

The  reflection  coefficient  of  the  slotline  sensors  as 
well  as  of  the  thin-wire  dipole  was  measured  in  time 
domain  using  the  same  set  of  the  devices.  The 
frequency  dependencies  of  the  reflection  coefficient  in 
the  range  from  0.2  -  3  GHz  were  calculated  from  the 
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(c) 


(d) 


Angle  (deg) 


(e)  (f) 

Figure  3.  The  reception  patterns  on  peak  magnitude  of  the  thin-wire  dipole  (a),  the  al-type  sensor  (b), 
a2-type  sensor  (c),  a3-type  sensor  (d),  b-type  sensor  (e),  and  c-type  sensor  (f). 


measured  time  domain  data  making  use  of  the  Fast 
Fourier  Transform  and  “time  windowing”  technique. 
The  obtained  results  are  shown  in  figure  4.  One  can  see 
that  the  return  losses  for  all  sensors  are  very  large 
values  through  whole  band.  It  could  be  anticipated, 
because  at  this  frequencies  all  investigated  sensors  are 
small  in  comparison  with  space  duration  of  the  radiated 
pulse  (see  Table  1). 


5.  CONCLUSIONS 

A  new  type  of  sensor  for  transient  electromagnetic 
fields  based  on  a  piece  of  the  slotline  was  developed 
and  experimentally  investigated. 

The  proposed  sensor  has  grater  directivity  as 
compared  to  a  thin-wire  dipole  while  keeping  the  same 
time  shape  of  the  received  signal  and  the  same  cross¬ 
polarization  level.  It  is  easy  for  fabrication  and  can 


Return  loss  (dB)  Return  loss  (dB) 
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The  paper  herein  presents  various  issues  related  to  the 
use  of  loop  antennas  for  alternative  emission 
measurements.  The  theoretical  possibilities  to  use  a  half 
of  the  loop  antenna  supplied  relative  to  a  conductive 
surface  have  been  presented  for  an  emission 
measurement  stand.  The  calibration  procedures  and 
sample  measurement  results  have  also  been  presented. 

1.  INTRODUCTION 

Loop  antennas  have  wide  application  in  device  EMC 
tests.  They  are  widely  used  as  electromagnetic  field 
component  (electrical  and  magnetic)  measurement 
probes  allowing  for  measurements  in  the  frequencies 
and  time  domain.  They  are  also  used  as  simulators  to 
test  the  test  objects  resistance  to  impulse 
electromagnetic  stress.  Within  the  last  few  years  they 
also  have  found  their  way  into  test  stands,  used  for 
alternative  measurements  of  device  electromagnetic 
emissions. 

The  issues  related  to  establishing  the  level  of  emissions 
radiated  by  the  devices,  systems  and  installations 
(objects)  is  important  not  only  for  electromagnetic 
compatibility  reasons,  but  also  because  of  the  frequent 
need  to  maintain  a  certain  secrecy  of  the  transmitted  or 
processed  information.  There  are  devices  available 
today  that  allow  for  such  information  to  be  retrieved 
based  on  spurious  electromagnetic  fields.  This  is  the 
main  reason  why  highly  developed  countries  pay  so 
much  attention  to  emission  research.  The  emission 
requirements  of  telecommunications  systems  are 
nowadays  considered  as  basic  parameters,  similar  to  the 
mechanical  and  environmental  requirements. 

The  possibilities  to  use  double  loaded  loop  antennas  for 
alternative  measurement  of  emissions  have  been 


presented  for  the  first  time,  by  the  author  of  the  paper 
herein,  in  1990.  The  Alternative  emission  measurement 
methods  consist  of  determining  the  parameters  of  the 
electromagnetic  interference  source  instead  of  the 
radiated  electromagnetic  field.  Based  on  the  works  of 
Hansen  and  Wilson  it  is  clearly  evident,  that  the  source 
of  the  interference  (the  tested  object)  can  be  replaced  by 
equivalent  dipoles:  and  electrical  one  with  the  moment 
(p),  a  magnetic  one  with  the  moment  (m)  and  a 
quadrupole  with  the  moment  ( q ). 

If  the  size  of  the  tested  object  is  less  then  the  minimum 
wavelength  of  the  radiated  electromagnetic  field,  then  in 
order  to  properly  determine  the  value  of  the  vector 
magnetic  potential  characterizing  the  radiating  object,  it 
is  necessary  to  consider  just  the  moments  of  the 
equivalent  dipoles:  the  electrical  and  magnetic  ones 
[1,2].  Knowing  the  moments  of  the  equivalent  electrical 
and  magnetic  dipoles  of  the  interference  source  (tested 
device),  the  level  of  the  radiated  interference  can  be 
determined  using  analytical  methods. 

The  double  loaded  loop  antennas  allow  for  an 
independent  and  simultaneous  measurement  of  the 
electrical  moments  of  both  the  electrical  and  magnetic 
equivalent  dipoles. 

Our  works  concentrated  mostly  on  a  measurement  stand 
consisting  of  three  orthogonal  double  loaded  loop 
antennas.  The  works  of  Kanda  are  especially  interesting 
in  this  field.  However,  the  analytical  relations  presented 
by  him  are  true  only  for  the  lower  frequencies.  Further 
on  in  the  paper  we  present  a  measurement  stand  using  a 
half  of  a  double  loaded  antenna  supplied  relative  to  a 
conductive  surface.  We  also  present  additional  analytical 
relations  allowing  for  the  determination  of  the  level  of 
radiated  interference  even  for  the  high  frequencies. 
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2.  MEASUREMENT  STAND 

The  analysis  herein  covers  a  measurement  stand 
consisting  of  a  half  of  a  double  loaded  loop  antenna 
placed  perpendicular  to  a  perfectly  conductive  surface. 
The  tested  object  has  been  placed  in  the  middle  of  the 
antenna.  The  voltages  measured  at  the  antenna  load 
points  are  caused  by  the  currents  induced  by  the 
electromagnetic  field  radiated  by  the  tested  object. 


—  e ~>k‘r  — 

AJF)  = - 1  xi  .  (3) 

r 

The  electrical  field  component  tangent  to  a  loop  antenna 
with  the  radius  b  and  loaded  with  the  same  impedance  Z| 
at  both  opposite  points  ( cp  =  0 )  and  {<p  =  n)  is 
described  by  the  following  relation: 


Fig.l.  Block  schematic  of  the  test  stand  and  its  substitute 
diagram 

For  the  purpose  of  analysis,  it  is  convenient  to  replace 
the  half  of  the  antenna  placed  above  a  perfectly 
conductive  surface  along  with  the  tested  object,  with  an 
antenna  and  its  mirror  reflection  along  with  an  object 
and  its  mirror  reflection  placed  in  the  middle  of  the  loop 
antenna  (Fig.l.). 
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Using  the  boundary  conditions  for  the  electrical  field 
components  tangent  to  the  surface  of  the  antenna  wire: 


Based  on  the  works  of  Hansen  and  Wilson  it  is  clearly 
evident,  that  the  tested  object  and  its  mirror  reflection 
can  be  replaced  with  the  equivalent  dipoles:  an  electrical 
one  with  the  moment  ( p  ’),  a  magnetic  one  with  the 
moment  ( m  ’)  and  a  quadrupole  with  the  moment  ( q  ’). 
If  the  size  of  the  tested  object  is  less  then  the  minimum 
wavelength  of  the  radiated  electromagnetic  field  then  in 
order  to  properly  determine  the  value  of  the  vector 
magnetic  potential  characterizing  the  radiating  object,  it 
is  necessary  to  consider  just  the  moments  of  the 
equivalent  dipoles:  the  electrical  and  magnetic  ones 
[2,3,9,10],  Thus: 


An  r  An 


E\b,(p)  +  E{b,<p)  =  0  (8) 

in  which  E'{b,q>)  is  the  electrical  field  component 
caused  by  the  equivalent  electrical  and  magnetic  dipoles, 
and  E(b,<p)  is  the  electrical  component  caused  by  the 

current  flowing  in  the  antenna,  we  obtain  the  following 
equation: 

4  El pWm-bElWy*'  =  -Z,l  (0)S  (<p)  -  Z,l(it)8  (<p  -  it) 

(9) 

in  which: 


The  total  magnetic  potential  vector  at  the  point  of 
observation,  which  is  caused  by  the  radiation  from  the 
tested  object,  consists  of  the  superposition  of  the  vector 
magnetic  potentials  from  the  equivalent  electrical  dipole 

— 

Ap(F)  = - p’ ,  (2) 


kb  r  n2 

fl(")  =  Trk«  +  l)  +  M»-l)]-— n(n)  , 
2  kb 

(10) 


and  the  equivalent  magnetic  dipole 
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c»  =  ln(4n) +y-  2^'——— ,  7  =  0,577216 

(13) 


where:  l(n)  is  the  Fourier  distribution  coefficient  for  the 
currents  flowing  in  the  antenna;  E‘h(n )  are  the 
Fourier  distribution  coefficients  for  the 
electrical  fields  tangent  to  the  antenna  wire 
caused  by  the  equivalent  electrical  and  magnetic 
dipoles;  Cl„(x)  31-6  the  Lommel-Weber 
functions;  J n  (x)  are  the  Bessel  functions  of  the 
first  kind  an  n-th  order;  I0(na/b)  are  the 
modified  Bessel  function  of  the  first  kind  and  0 
order;  K0(na/b )  is  the  modified  Bessel  function 
of  the  second  kind  and  0  level  and  where 
5{(p)  is  the  delta  function. 


Solving  the  equation  (9)  for  I(n)  and  substituting  the 
resulting  expression  in  the  equation: 


'(?>)  =  £/(”>'"'  (H) 


we  obtain  a  relation  describing  the  current  flowing  in  the 
antenna. 


m=  z  — 

n=-00a(/») 


2nbE'h(ri)e  Jnp -I(_0)Z,e  jn<P -I{n)Z,e 

(15) 


If  in  place  of  the  ( cp )  argument  we  substitute  the  angle 
values  characteristic  to  the  antenna  loads  we  obtain  a 
system  of  equations,  which  if  solved  for  1(0)  and  I(7i) 
give  us  the  relations  describing  the  currents  flowing 
through  the  antenna  loads. 


Kgm 

.  2P'>8' 

_(i+2y„z>(0) 

(1+2^Z>(1) 

2 P% 

L(i+2i;z,mo) 

(1+2^Z>(1) 

(16) 


(17) 


y„  =■ 


J7ig 


1 


«  1 

Y— L 

n(Oi 


a(0)  a(2  ri) 


(18) 


r,=  — 

jnq 


1 


%a(2n-l) 


(19) 


The  admittance  values  T0  and  y,  in  the  relation  (16)  and 
(17)  are  the  relevant  admittance  values  of  the  magnetic 
and  electrical  fields.  Adding  up  the  currents  flowing 
through  the  antenna  loaded  with  the  two  opposite 
identical  impedance  values,  we  obtain  a  resultant  signal 
dependant  only  on  the  component  moment  of  the 
magnetic  dipole  normal  to  antenna  surface  moment. 
Summing  up  the  currents  flowing  at  the  antenna  load,  we 
obtain  a  resultant  signal  depend  only  on  the  component 
moment  of  the  electric  dipole  tangential  to  the  antenna 
surface.  Once  we  know  the  sum  and  difference  of  the 
currents  flowing  through  the  antenna  loads,  we  can 
determine  the  components  of  the  electrical  moments  for 
the  equivalent  electrical  and  magnetic  dipoles. 


m 


,  _  ;g/9[l  +  2y„Z,]a(0) 

4  bgm 


_7V/,[l  +  2y,Z,]a(l) 

Mg, 


(20) 

(21) 


In  an  actual  measurement  setup  the  sums  and  differences 
of  the  currents  flowing  through  the  loads  are  determined 
by  measuring  the  voltage  differences  and  sum  between 
Ud  and  Us  present  at  the  loads  Zo=0.5Zi.  Taking  the 
above  into  account  and  the  fact  that  the  moments  of  the 
electrical  and  magnetic  dipoles  meet  the  following 
condition: 


In  -2m  /T  =  2p  (22) 

the  relations  (20)  and  (21)  can  be  written  as: 


P,  =  F'Jj  . 

where: 

p  _  A,[l  +  4yBZ,]a(0) 


(23) 

(24) 


(25) 


where: 
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(26) 

16  bg. 

The  remaining  components  p[, p\)  of  the 

moments  for  the  electrical  and  magnetic  dipoles  can  be 
determined  by  measuring  the  sums  and  differences  of 
currents  flowing  through  the  remaining  two  orthogonal 
placements  of  the  object  within  the  test  space  area 
(center  of  the  antenna). 


3.  CALIBRATION  OF  THE  TEST  STAND 

The  issues  presented  above  pertained  to  a  loop  antenna 
placed  above  a  conductive  surface  with  an  infinite 
surface  area.  An  actual  test  stand  consists  of  a  half  of  the 
loop  antenna  above  a  conductive  surface  with  finite 
dimensions.  Additional  considerations  need  to  be  also 
taken  into  account  for  the  external  influences  affecting 
the  transfer  function  relating  the  electrical  moments  of 
the  equivalent  electrical  and  magnetic  dipoles  to  the  sum 
and  difference  of  the  currents  at  the  antenna  loads. 
Considering  the  above,  the  key  consideration  for  an 
accurate  determination  of  the  interference  radiated  by  the 
tested  device  into  the  external  environment,  is  the 
knowledge  of  the  transfer  function.  This  function  can  be 
determined  experimentally.  It  is  recommended  to 
determine  the  transfer  function  at  the  actual  location  of 
the  test  stand,  right  before  performing  the  interference 
measurements.  The  calibration  process  starts  with  the 
placement  of  an  electrical  dipole  with  a  known  electrical 
moment  into  the  center  of  the  loop  antenna 
(measurement  space)  and  measuring  the  voltage 
difference  present  at  the  loop  antenna  loads. 


Fig.  2.  Electrical  and  magnetic  dipole  in  the  center  of  the 
loop  antenna  (the  measurement  space) 


The  comparison  of  the  measured  values  to  the  values 
calculated  based  on  the  relation  (26)  for  the  transfer 
function  for  the  electrical  dipole  has  been  presented  in 
Fig.  3.  The  occurring  differences  arise  from  the  fact  that 
the  measurement  antenna  is  placed  above  a  shield  having 
finite  dimensions  (diameter  of  the  shield  1  m,  diameter 
of  the  loop  antenna  0,4  m)  as  well  as  by  external 
influences. 


Fig.  3.  Module  of  the  transfer  function  relating  the 

equivalent  electrical  dipole  moment  to  the  voltage 
difference  at  the  antenna  loads  (Fci  -  calculated 
value,  Fpex  -  measured  value) 

The  process  for  calibrating  the  transfer  function  relating 
the  equivalent  magnetic  dipole  moment  to  the  voltage 
sum  at  the  antenna  loads  is  also  similar  -  in  place  of  the 
elementary  electrical  dipole  in  the  previous  setup,  an 
elementary  magnetic  dipole  is  place  and  the  sum  of  the 
voltages  at  the  antenna  loads  is  measured.  The 
comparison  of  the  measured  values  to  the  ones 
calculated  based  on  transfer  function  (25)  for  the 
magnetic  dipole  is  presented  in  Fig..  4. 


»,  ncP  ,  „  r.'ii/1  h-iiP  rill' 

•i"f-  f  V\ 


Fig.  4.  Module  of  the  transfer  function  relating  the 
magnetic  dipole  moment  to  the  voltage  sum 
present  at  the  antenna  loads  (Fmi  -  calculated 
value,  Fpmy  -  measured  value) 

The  measured  transfer  functions  serve  as  the  basis  for 
calculating  the  electrical  moments  for  the  equivalent 
electrical  and  magnetic  dipoles  of  the  tested  devices. 
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4.  CLOSING  NOTES 

A  practical  example  of  a  test  stand  using  a  half  of  a  loop 
antenna  supplied  relative  to  a  conductive  surface  has 
been  presented  in  Fig.  5. 


Fig.  5.  Example  test  setup  located  in  a  an  echoic  room 

In  order  to  determine  the  electrical  moments  of  the 
equivalent  electrical  and  magnetic  dipoles,  .the  tested 
device  shall  be  placed  in  the  measurement  space  of  the 
stand  (the  center  of  the  loop  antenna)  and  measurements 
are  to  be  taken  for  the  sum  and  difference  of  the  voltages 
at  the  antenna  loads  for  all  three  orthogonal  placements 
of  the  tested  object  (Fig.  6). 


Having  measured  the  transfer  functions  for  the  electrical 
and  magnetic  dipoles  and  also  knowing  the  sums  and 
differences  of  the  voltages  at  the  antenna  loads  for  all 
three  orthogonal  placements  it  is  possible  to  determine 
the  electrical  components  of  the  moments  of  the 
equivalent  electrical  (  px ,  py ,  P, )  and  magnetic 

(  mx,mv,mz )  dipoles.  Knowing  the  electrical  moments  of 

the  equivalent  electrical  and  magnetic  dipoles  it  is 
possible  to  determine  the  field  radiated  by  the  tested 
object  in  an  open  space.  For  a  test  object  placed  over  a 
conductive  surface  (open  area  test  site  or  an  echoic  room 
conditions),  the  radiated  field  is  not  only  a  superposition 
of  the  fields  of  the  equivalent  electrical  and  magnetic 
dipoles,  but  also  of  their  mirror  reflections  [2,3,9]. 
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in  which  ( r, )  is  the  distance  of  the  observation  point  to 
the  tested  object, 


r,  ~^r2  +(z-h Y  , 


(30) 


and  ( r2 )  is  the  distance  of  the  observation  point  to  the 
mirror  reflection  of  the  tested  object. 


r2  =yjr2  +(z-h)2  . 


Fig.  6.  The  tested  object  within  the  measurement  space 


(31) 
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We  would  like  to  remind  that  the  mirror  reflection  of  the 
equivalent  electric  dipole  with  the  moment  ( p )  having 
the  components  (  px ,  py ,  pz  )  is  a  dipole  with  a  moment 
( p ')  having  the  components  (-px,-py>pz)-  On  the 

other  hand  the  mirror  reflection  of  the  equivalent 
magnetic  dipole  with  the  moment  ( m )  with  the 
components  ( mx,my,mz )  is  a  dipole  with  a  moment 
(  m' )  with  the  components  (  mx,my,-mt ). 

Based  on  the  moment  method  calculations  it  is  clearly 
evident,  that  the  maximum  size  of  the  tested  objects 
cannot  exceed  one  third  of  the  antenna  diameter  and  that 
the  size  of  the  conductive  surface  should  be  at  least 
twice  the  diameter  of  the  loop  antenna.  The  upper 
measurement  frequency  depends  only  on  the  size  of  the 
tested  object.  The  proposed  method  can  be  used  for  a 
frequency  range,  within  which  it  can  be  substituted  with 
equivalent  electrical  and  magnetic  dipoles. 
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The  results  of  investigation  and  calibration  of  the 
microwave  oven  for  study  microwave  electromagnetic 
radiation  effects  on  the  cell  cultures  are  reported.  A  new 
method  for  the  measurement  of  heating  distribution  in 
standard  microwave  oven  (MWO)  is  developed.  It  is 
shown  that  it  allows  to  measure  and  record  field 
patterns  in  unloaded  and  loaded  MWO  and  the  heating 
distribution  in  it  with  load  movement.  The  calibration 
protocol  for  microwave  irradiated  cell  culture  in  the 
MWO  is  reported. 

1.  INTRODUCTION 

Microwave  energy  can  result  in  pathophysiological 
manifestations  and  also  can  affect  neural  and 
immunological  functions  in  humans  and  animals.  Some 
reactions  may  lead  to  effects  which  constitute  potential 
or  actual  health  hazards  [1].  The  microwave 
electromagnetic  field  influence  on  biological  systems 
have  been  explored  in  vitro  and  in  vivo.  However,  the 
information  available  at  the  present  time  is  not  sufficient 
to  explain  microwave-induced  biological  effects 
because  the  investigations  of  a  microwave  influence  on 
the  cells,  the  microorganisms  are  still  carried  out  [2], 
Besides,  the  methods  of  microwave  treatment  have 
been  used  for  fast  fixation  [3],  denaturation, 
hybridization  [4],  sterilization  [5]  etc.  Most  of  these 
methods  use  microwave  oven  (MWO)  which  is 
designed  for  household  use  because  of  its  availability, 
low  cost,  safety  conditions  etc. 

The  use  of  microwave  oven  for  biological  studies  of 
microwave  effects  without  its  calibration  often  causes 
irreproducible  results  because  it  has  some 
disadvantages.  These  disadvantages  are  non-uniformity 
of  field  distribution  (“hot”  and  “cold”  spots),  multi- 
mode  spectra,  effect  of  load  etc.  Besides,  features  of  the 
sample  (cell  suspensions)  are:  small  size,  presence  of 
water  and  different  medium  etc.  The  composition  of 
sample  container  and  the  volume  of  solution  around  the 
sample  are  among  the  most  important  determinants  of 
uniform  microwave  irradiation. 

It  should  be  noted  that  in  a  recent  paper  by  G.  R. 
Login  and  A.  M.  Dvorak  [3],  an  excellent  review  of  the 


use  of  microwave  oven  for  fixation  in  morphologic 
studies  and  a  calibration  method  to  improve  fixation 
results  are  given. 

In  this  paper  the  results  of  the  investigation  and  the 
calibration  of  the  microwave  oven  for  study  microwave 
electromagnetic  radiation  effects  on  the  cell  cultures  are 
reported. 

First,  we  investigate  the  microwave  oven  without 
and  with  loads  and  give  results  of  the  measurement  of 
field  distribution  in  large  oven  cavity  by  using  a  new 
method.  Then,  on  the  basis  of  these  results,  we  present 
the  calibration  protocol  for  microwave  irradiated  cell 
suspensions  in  the  cavity  of  the  microwave  oven. 
Finally,  results  of  the  investigation  of  microwave 
influence  on  the  cancer  cell  line  of  human  (HF.p  -  2) 
contained  in  medium  EMEM  are  reported. 

2.  INVESTIGATION  AND  CALIBRATION  OF 
THE  MICROWAVE  OVEN 

In  principle,  the  standard  MWO  is  a  closed  metal 
box  with  some  means  of  coupling  in  power  from 
generator  and  the  dimensions  of  the  box  are  several 
wavelengths  in  three  dimensions.  Such  a  box  supports  a 
large  number  of  resonant  modes  in  a  given  frequency 
range.  However,  when  such  an  oven  is  partly  filled  with 
a  workload,  the  resonance  curves  of  the  modes  will 
overlap  in  frequency  to  give  a  continuous  coupling  into 
the  load.  The  field  distribution  in  a  closed  box  is  given 
by  the  sum  of  all  the  modes  excited  at  the  given 
operating  frequency,  each  mode  giving  a  basic 
sinusoidal  power  variation  in  space  along  the  principal 
coordinate  axes,  and  satisfying  the  well-known  field 
equations.  There  is,  therefore,  fundamentally  a  spatial 
non-uniform  complex  distribution  of  field  within  a 
multi-mode  oven  [6], 

In  practice,  the  field  distribution  in  the  oven  is  more 
complicated  than  indicated  above,  because  the 
characteristic  impedance  of  the  workload  is 
substantially  different  from  free  space,  giving  secondary 
reflections  from  the  surface  of  the  workload.  That  is 
why  it  is  important  to  study  the  mode  pattern  with  the 
given  workload  in  the  MWO. 


2.1.  Field  and  heating  distributions 
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glass.  Dark  spots  correspond  to  the  maximum  of  the 
microwave  field. 


A  temperature  and  a  power  intensity  map  in  empty 
MWO  were  determined  by  using  a  fiberoptic  sensor  [7], 
a  probe  method  [6,8],.  These  techniques  minimally 
perturb  the  microwave  field,  but  they  are  very  complex 
because  the  box  is  closed.  Several  methods  were  used 
for  identifying  hot  spots  (i.e.,  areas  of  microwave 
energy  maximums).  For  example,  the  field  distribution 
can  be  demonstrated  by  using  a  neon  bulb  array  [3],  a 
water-filled  tube  array  [9],  a  radar  absorbent  material 
that  changes  color  following  the  microwave  absorbance 
[3]  etc.  But  these  methods  only  demonstrate  the  field 
distributions  in  MWO. 

We  have  developed  a  new  method  for  the 
investigation  of  field  distribution  in  MWO  using  wet 
thermal  paper.  The  lists  of  this  paper  are  kept  in  special 
light  forms  and  located  in  different  planes  within  MWO. 
Developed  method  of  the  field  distribution 
measurement  provides  a  quick  and  easy  method  to 
identify  and  record  the  mode  patterns  in  the  oven  cavity 
with  and  without  a  load. 

We  have  investigated  microwave  field  distribution 
on  a  little  above  the  floor  of  MWO  according  to  the 
demands  of  our  future  experiments  with  several  samples 
of  cell  culture  (  about  1-2  ml)  in  glass  tubes.  In  fact,  a 
list  of  the  wet  thermal  paper  is  located  on  a  MWO 
rotary  plate  with  a  diameter  of  300  mm  which  can  rotate 
or  not. 


Fig.  1.  The  field  pattern  on  the  thermal  paper  after 
irradiation  in  the  unloaded  microwave  oven  (360  watts, 
30  sec)  without  the  rotation  of  the  plate. 

Fig.l  and  Fig.2  show  the  views  of  thermal  papers 
after  irradiation  in  MWO  without  rotation  of  the  plate 
for  unloaded  (Fig.l)  and  loaded  (Fig.2)  MWO.  A 
coupling  element  (output  of  magnetron)  is  located  on 
the  top  of  these  figures.  The  load  is  water  (100  ml)  in  a 


Fig.2. The  field  pattern  on  the  thermal  paper  after 
irradiation  in  the  loaded  microwave  oven  (max  power, 
30  sec,  100  ml  water  load)  without  the  rotation  of  the 
plate. 

It  can  be  seen  from  Fig.l  that  the  field  distribution 
on  the  unloaded  MWO  plate  is  non-uniform,  but  there  is 
at  least  one  symmetry  plane  here.  The  location  of  the 
load  in  the  MWO  changes  this  field  distribution  (Fig.2). 
It  becomes  more  non-uniform.  The  load  in  MWO  not 
only  changes  the  field  distribution  but  also  reduces  the 
field  intensity  in  maximum  of  the  field.  It  should  be 
noted  that,  in  this  shown  case,  the  load  is  located  in  the 
area  of  the  plate  where  the  microwave  field  is  absent  in 
unloaded  MWO  (Fig.l)  but  it  can  be  above  this  area  of 
the  plate  because  there  are  field  variations  in  vertical 
planes. 

Fig.3  and  Fig.4  show  the  views  of  thermal  papers 
after  irradiation  in  MWO  with  the  rotation  of  plate  for 
unloaded  (Fig.3)  and  loaded  (Fig.4)  MWO.  The  location 
of  wet  thermal  paper  and  the  load  are  the  same  as 
described  in  Fig.l  and  Fig.2.  But  dark  area  shows  the 
heating  distribution  as  a  result  of  the  field  influence  on 
different  places  of  the  paper  because  both  the  thermal 
paper  and  the  load  move  through  maximum  and 
minimum  (nodes)  of  the  microwave  field. 

We  can  see  that  the  heating  distribution  in  unloaded 
MWO  (Fig.3)  is  uniform  with  the  circle  symmetry  and 
the  field  is  absent  at  the  MWO  center.  The  load  do  not 
markedly  changes  the  heating  distribution  but  rather 
reduces  the  field  intensity. 

As  a  result,  the  movement  of  the  load  in  MWO  can 
extend  the  area  of  the  field  influence  uniformity.  It  is 
important  for  the  irradiation  of  several  samples  of  the 
same  type  instantaneously. 
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Fig.3.The  view  of  the  thermal  paper  after  the  irradiation 
in  the  unloaded  microwave  oven  (360  watts,  30  sec) 
with  the  rotation  of  the  plate. 


Fig.4  .The  view  of  the  thermal  paper  after  the  irradiation 
in  loaded  microwave  oven  (360  watts,  45  sec,  100  ml 
water  load)  with  the  rotation  of  the  plate. 

2.2.  Calibration  protocol 

We  modeled  the  microwave  field  absorption  in 
biological  samples  to  predict  their  heating  by  using  a 
medium  EMEM  irradiation  and  a  final  temperature 
measurement  after  microwave  exposure.  Each  sample 
had  volume  which  was  approximately  equal  to  2  ml. 
The  containers  were  metal-free  glass  tubes.  Several 


tubes  with  this  medium  were  irradiated  at  the  same 
time. 

As  a  result  of  these  investigations,  we  can  give  the 
calibration  procedure  protocol  as  following: 

1)  The  MWO  power  is  set  on  minimum  (90  or 
180  W). 

2)  The  load  (200-300  ml  water  in  glass)  is  located 
on  the  rotary  plate  of  the  MWO  which  is  then 
pre-warmed  for  1-2  min. 

3)  The  microwave  field  distribution  in  the  empty 
MWO  is  determined  by  using  the  wet  thermal 
paper  which  is  located  on  its  rotary  plate. 

4)  The  load  (200  ml  room  temperature  water  in  a 
glass)  and  the  needed  number  of  tubes  each  of 
those  containing  about  2  ml  of  the  same  type  of 
medium  that  will  be  used  for  cell  culture  are 
located  uniformly  on  the  areas  of  the  ring 
where  maximum  microwave  power  distribution 
was  recorded  in  step  3  on  the  new  wet  thermal 
paper. 

5)  The  microwave  field  distribution  in  MWO  with 
the  load  and  the  samples  is  determined  by 
using  the  thermal  paper.  This  paper  can  also  be 
used  to  evaluate  the  time  delay  between  the 
turning  on  of  MWO  (i.e.,  the  paper  is  clean) 
and  the  beginning  of  the  microwave  influence 
(i.e.,  dark  spots  arise  on  the  paper). 

6)  The  dependence  of  the  medium  temperature  on 
the  irradiation  time  is  determined  by  using 
temperature  measurements  of  the  medium  after 
exposure. 

7)  The  locations  where  the  cell  culture  samples 
should  be  put  are  identified  by  determining  the 
regions  of  the  MWO  plate  that  give  the  most 
uniform  and  the  same  type  of  fields  in  area  of 
each  sample  and  the  need  to  raise  the  medium 
temperature  from  20  to  50°C  according  to  step 
5  and  6. 

8)  The  temperature  of  one  of  the  tubes  filled  with 
medium  (without  cell)  is  measured  after  the 
microwave  irradiation  for  checking. 

By  using  this  protocol,  the  microwave  influence  on 
the  cancer  cell  line  of  human  (Hep-2)  containing  in 
medium  EMEM  have  been  investigated.  It’s  cell 
suspension  which  a  final  temperature  must  be  less  than 
50°C. 

3. CONCLUSIONS 

The  results  of  the  investigation  and  the  calibration  of 
the  microwave  oven  for  study  microwave 
electromagnetic  radiation  effects  on  the  cell  cultures  are 
reported.  Developed  method  of  measurement  of  heating 
distribution  in  standard  microwave  oven  by  using  wet 
thermal  paper  allow  quickly  and  easily  to  measure  and 
record  the  field  patterns  in  unloaded  and  loaded  MWO 
and  heating  distribution  in  it  with  load  movement.  The 
calibration  protocol  for  microwave  irradiated  cell 
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culture  in  the  MWO  is  reported.  The  main  parts  of  it  are 
1)  the  measurement  of  the  heating  distributions  in  empty 
and  loaded  microwave  oven  with  the  rotary  plate  by 
using  wet  thermal  paper,  2)  the  determination  of  the 
temperature  of  the  same  type  of  medium  that  will  be 
used  for  cell  culture  after  irradiation  in  the  area  where 
the  maximum  microwave  power  distribution  was 
recorded  in  step  1.  3)  the  locations  of  the  samples  and 
the  setting  of  the  irradiation  time  according  to  the 
needed  final  temperature  of  themselves. 
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This  paper  deals  with  the  influence  a  handset  phone, 
with  new  build-in  compact  planar  antennas,  on  a  human 
and  surrounding  medium.  Simulations  using  the  method 
of  moments  (MoM)  for  a  wire-grid  model  of  the  planar 
inverted-F  antenna  (FIFA)  treated  together  with  a 
portable  radio  case  have  been  carried  out  to  evaluate 
radiation  characteristics.  The  radiation  pattern  in  both 
polarisation  planes,  and  a  near-E-field  magnitude  have 
been  calculated.  The  modelling  approach  is  compared 
with  experimental  results  and  previous  work  and  good 
agreement  is  obtained. 

1.  INTRODUCTION 

Today  we  are  poised  to  enter  a  world  in  which  the 
conventional  telephone-type  instrument  is  no  longer  the 
medium  we  use  to  communicate  but  employ  the  wireless 
personal  communication  system  (PCS)  instead  for 
sending  messages  and  data  to  anyone,  anytime  and 
anywhere  in  the  world.  PCS  systems  are  widely  diverse 
and  include  fixed,  low  as  well  as  high  mobility  systems, 
all  of  which  rely  upon  the  public  network  to  some 
extent.  Applications  of  these  systems  include  direct 
broadcasting  satellite  (DBS),  pagers,  wireless  phones, 
wireless  local  loops  and  data  terminals.  The  latter  can 
utilize  radio  ports  to  deliver  fixed  applications  to  homes 
or  businesses,  whereas  a  base  station  is  needed  for 
highly  mobile  applications  that  connects  to  the  public 
network  via  switching  office.  In  the  near  future  several 
mobile  satellite  communication  systems  will  provide 
global  coverage  to  complement  the  existing  terrestrial 
systems.  A  key  component  in  providing  high 
performance  from  such  systems  is  the  antenna  of  the 
handheld  terminal.  Accordingly,  considerable  attentions 
have  been  focused  on  antenna  concept  design  and 
stringent  requirements  placed  upon  antenna 
performances  have  come  to  be  extensively  studied, 
specifically  taking  very  nearby  environmental  radiating 
context  into  account. 

Presently,  whips  or  helices  are  typically  used  for  cell¬ 


phones,  wire  or  loops  for  pagers,  and  a  variety  of  whips, 
small  arrays  or  microstrip  antennas  are  employed  for 
wireless  local  area  networks  (WLANs)  [1],  However, 
we  include  in  this  paper  other  antenna  configurations 
(Fig.  1)  that  may  have  some  desirable  advantages  over 
conventional  design. 


Fig.  1.  Wire-grid  models  of  various  build-in  antennas 
onto  the  handset:  a)  wire  inverted-F  antenna  with  two 
parasitic  elements  (IFA-PE),  b)  compact  planar  aerial 
(CPA),  c)  a  planar  inverted-F  antenna  (PIFA). 

Cellular  telephone  handsets  are  now  being  designed  to 
have  dual-  or  multi-mode  capabilities.  In  particular, 
there  is  requirement  for  internal  antennas  for  GSM  900/ 
1800  system  and  for  terrestrial/satellite  (e.g. 
GSM/IRYDIUM)  personal  global  mobile  communica¬ 
tions  systems. 

Different  system  types  require  different  antenna 
characteristics:  terrestrial  terminals  require 

omnidirectional  radiation  patterns  in  the  horizontal  plane 
while  satellite  handhelds  require  a  hemispherical 
radiation  pattern. 

So,  it  is  suggested  that  there  is  a  need  for  multi¬ 
frequency  handset  antennas.  At  present,  some  dual-band 
handset  antennas  have  been  developed  based  on  the 
extension  of  wire  antennas  [2],  These  antennas  were 
made  to  resonate  at  two  frequencies  by  simply  adding 
another  wire  to  the  original  antenna.  However,  there  is 
now  much  interest  in  internal  antennas,  which  have  the 
desirable  features  of  robustness  and  compactness.  Some 
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internal  handset  antennas  have  now  been  developed  to 
give  small  antenna  size,  improved  bandwidth,  and  gain. 
Work  on  the  effect  of  human  interaction  is  receiving 
interest. 

The  aim  of  this  paper  is  to  present  the  performances  of  a 
new  kind  of  miniature  planar  antenna  designed  for 
small-sized  hand-held  transceiver  in  presence  of  the 
human  body.  The  analysis  of  dual-frequency  PIFA’s 
mounted  on  a  radio  case  was  done  using  the  wire-grid 
model  and  method  of  moments  (MoM). 

2.  SIDE-MOUNTED  PIFA 

The  growing  desire  to  replace  the  monopole  or  helix 
with  more  conformal,  less  obstructive  elements  has 
focused  considerable  attention  on  antennas  such  as  the 
planar  inverted-F  antenna  (PIFA)  (Fig.  lc).  Among 
existing  built-in  antenna  schemes,  the  PIFA  is  one  of  the 
most  promising  case  dates  considering  its  compactness. 
In  addition  to  portability,  the  PIFA  exhibits  sensitivity  to 
both  vertically  and  horizontally  polarized  radio  waves 
and  therefore  is  suitable  for  use  with  portable  radio 
equipment  in  which  antenna  orientation  is  not  fixed. 

The  linear  inverted-F  antenna  ,  IFA,  which  is  the 
original  version  of  the  PIFA,  has  been  described  by 
R.W.P.  King  et  al.  (1960)  as  a  “shunt-driven  inverted-L 
antenna-transmission  line  with  open-end”.  The  PIFA  is 
constructed  by  replacing  the  linear  radiator  element  of 
linear  inverted-F  antennas  with  a  planar  radiator 
element.  These  side-mounted  elements  consist  simply  of 
probe-fed  conducting  plate  suspended  above  the 
conducting  chassis.  A  short  circuiting  wire  or  strip  is 
attached  to  one  end  of  the  suspended  plate  -  a 
configuration  that  allows  considerable  reduction  in  the 
element  resonant  size. 

Antennas  are  usually  installed  on  a  body  with  good 
conductivity,  such  as  portable  radio  or  automobile,  and 
sometimes  other  antennas  or  conducting  bodies  are 
nearby,  as  on  a  tower.  Thus,  it  is  important  to  know  the 
effects  of  nearby  conducting  bodies  on  the  antenna 
performance. 

The  characteristics  of  a  PIFA  mounted  on  portable  radio 
cases  are  different  from  those  of  PIFA  on  the  infinite 
ground  plane,  and  depends  on  both  the  antenna  position 
on  the  case  and  dimensions  of  the  radio  case,  because  of 
the  existence  of  surface  currents  on  the  radio  case.  To 
design  the  optimum  antenna  configuration  for  portable 
radio  units,  it  is  necessary  to  analyze  the  radiation  and 
bandwidth  characteristics  inclusive  of  the  radio  case 
effects. 

Modeling  of  the  antenna  problem  in  the  presence  of  the 
head  also  shows  that  the  pattern  of  the  antenna,  which  is 
omni-directional  in  the  azimuth  plane  when  is  isolated, 
becomes  considerably  asymmetrical  due  to  the 
absorption  by  the  head. 

Nowadays,  antenna  performance  prediction  by 
computers  gives  satisfactory  results  quickly.  When 
conducting  body  is  less  than  about  5X,  the  MoM  method 
can  successfully  be  used  to  calculate  the  characteristics 
of  an  antenna  on  the  conducting  body. 


2.1.  An  antenna  on  a  portable  radio 

The  dual-band  antenna  consists  of  two  separate  radiating 
elements  [3],  [4],  [5],  as  shown  in  Fig.  2,  with  the 
rectangular  radiating  element  for  1.8  GHz-band  and  the 
L-shaped  radiating  element  for  900  MHz-band,  and  has 
almost  the  same  size  as  single-band  planar  inverted-F 
antenna  operating  at  900  MHz. 


radiating  elements 


Fig.  2.  Wire  grid  model  of  a  PIFA  antenna  on  a 
rectangular  conducting  body 

The  two  radiating  elements  are  grounded  to  the  case  at 
its  comer  and  fed  near  the  shorting  pins  using  coaxial 
cable.  An  antenna  element  and  a  conducting  bodies  are 
treated  in  one  unified  system,  that  is,  the  conducting 
body  is  not  taken  as  a  ground  plane  but  as  a  part  of  the 
antenna  system  itself. 

2.2.  MoM  analysis 

In  this  paper,  the  method  of  moments  has  been 
implemented  to  allow  modeling  and  simulation  of  the 
build-in  dual-band  handset  antenna. 

An  antenna  and  any  other  conducting  objects  in  its 
vicinity  that  affect  its  performance  may  be  modeled  with 
strings  of  segments  following  the  paths  of  wires  ( wire- 
grid  model)  and  with  patches  covering  closed  surfaces. 
The  basic  devices  for  modeling  structures  (wires  and  flat 
patches)  are  short  straight  segments.  Proper  choice  of 
the  segments  for  a  model  is  the  most  critical  step  to 
obtaining  accurate  results.  The  number  of  segments 
should  be  the  minimum  required  for  accuracy. 

A  conducting  body  is  modeled  by  wire  grids  (wire 
radius:  0.001 5A.):  the  six  parallel  wires  perpendicularly 
intersecting  nine  parallel  loops  replace  the  conducting 
surfaces  of  the  rectangular  radio  case  (all  236  wires 
crosspoints  are  connected).  Furthermore,  the  PIFA 
planar  radiators  are  replaced  by  121,  and  by  82  wires, 
for  0.9  and  1.8  GHz  respectively.  The  feed  in  Fig.  2  is 
connected  offset  point  from  the  comer  of  the  radiator, 
where  the  wire-grid  is  highly  dense. 

The  electric  field  integral  equation  (EFIE)  for  thin-wire- 
L-long  structures  of  small  or  vanishing  conductor 
volume  has  following  form: 

([(£  /(/)( - ;((>]exp(/&)rf/  0) 
6.  /. 
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where  ^  is  the  position  of  the  observation  point, 
k  =  r„  /|r„  |,  k  =  2k  /  X ,  and  k  =  kk.  The  time  convention 
exp(jcot)  is  omitted. 

The  EFIE  is  preferred  to  model  surfaces  for  thin 
structures  where  there  is  little  separation  between  a  front 
and  back  surface. 

The  analysis  is  accomplished  by  numerical  solution  of 
integral  equations  for  induced  currents  1(1)  along  wires 
into  a  grid  model  covering  the  surface.  The  integral 
equation  is  solved  numerically  by  a  form  of  the  method 
of  moments  which  applies  to  a  general  linear-operator 
equation, 

LI  =  e,  (2) 

where  I  is  unknown  response  (current  distribution),  e  is 
known  excitation,  and  L  is  a  linear  operator  (an  integral 
in  the  present  case). 

The  excitation  may  be  an  incident  plane  wave  or  voltage 
source  on  a  wire,  while  the  output  may  include  current 
distribution,  electric  or  magnetic  field  in  the  vicinity  of 
the  structure  (near-field),  and  radiated  fields  (far-field). 

In  the  NEC  computer  code  [6]  the  unknown  function  I  is 
expanded  in  a  sum  of  basis  functions,  Ij_  as 

I  =  'jTajl,  =  y.A,.  +  BjSink(l-lj)  +  CjCOsk(l-lj)  ^ 

j- 1  j 

where  |/  -  / . |  <  Ay  / 2 »  lj  is  the  value  of  a  1  at  the  center 

of  segment  j  and  Aj  is  the  length  of  segment  j. 

It  means  that  wires  are  modeled  by  short  straight 
segments  with  the  current  on  each  segment  represented 
by  three  terms  -  a  constant,  a  sine,  and  a  cosine. 

The  set  of  equations  for  the  coefficients  Aj,  Bj,  Cj  are 
then  obtained  by  taking  the  inner  product  of  equation  (2) 
with  a  set  of  weighting  functions  { W;} = { £(p  -  /• ) } 

({ }  is  a  set  of  points  on  the  conducting  surface).  The 

result  is  a  point  sampling  of  the  integral  equations 
known  as  the  collocation  method  of  solution.  Wires  are 
divided  into  short  straight  segments  with  a  sample  point 
at  the  center  of  each  segment.  The  solution,  in  matrix 
form,  is  then 

[A,  B,  C]  =  [<Wj,  L  Ij>]'!  [<Wj,  e>]  (4) 

On  the  base  of  evaluated  current  distribution  all  circuit 
(e.g.  input  impedance)  and  field  (e.g.  near-,  far-filed, 
power  gain)  parameters  of  the  radiating  structure  can  be 
determined. 

3.  EXPOSURE  TO  RF  ENERGY  AND  SAFETY 
OF  THE  USER 

Mobile  and  portable  two-way  wireless  communication 
radios  emit  RF  energy,  which  is  as  low  as  a  fraction  of  a 
watt  in  the  case  of  some  portable  phones  and  as  high  as 
130  W  for  certain  mobile  stations.  In  normal  use, 
handheld  radios  have  the  potential  for  causing  higher 
exposure  than  mobiles  because,  although  portable 
equipment  rarely  emits  more  than  7  W  of  RF  power,  a 
person’s  vital  organs  (e.g.  the  head)  are  in  the  immediate 
vicinity  of  the  RF  source.  The  interaction  of  the 


terrestrial  mobile  handheld  terminal  with  human  head 
has  been  widely  investigated  by  many  researchers  [7], 
[8],  [9]. 

There  are  two  separate  electromagnetic  problems  with 
regard  to  the  effects  of  the  human  body.  The  first,  of 
primary  concern  there,  is  the  influence  that  the  human 
body  has  on  the  field  strength  pattern  of  a  body-mounted 
transceiver.  This  is  the  question  of  radio  system 
performance  and,  rather  coarse  models  give  accurate 
representations  of  fields  external  to  the  body.  The 
second  electromagnetic  problem  concerns  wave 
coupling  into  the  body  tissues.  This  problem  is 
extensively  covered  elsewhere  with  respect  to  biological 
issues  and  dosimetry,  and  accurate  representations  of 
near  fields,  and  its  specific  subject  of  standards.  We  will 
explore  this  issue  only  in  the  context  of  radio 
performance,  and  in  terms  of  compliance  to  exposure 
standards  and  guidelines. 

The  perturbation  of  the  antenna’s  free-space  radiation 
pattern  and  the  level  of  the  energy  absorbed  by  the 
human  body  are  both  significant,  but  are  affected  in 
detail  by  parameters  such  as  operating  frequency, 
antenna  type  and  configuration  of  the  human  head  and 
handset  casing. 

Let  us  now  define  what  is  relevant  in  a  RF  exposure. 
Until  1982,  the  exposure  to  RF  electromagnetic  fields 
(EMF)  in  the  band  of  100  kHz  to  100  GHz  was 
quantified  in  terms  of  the  incident  power  density 
measured  in  W/m2.  This  method  of  measurement  proved 
to  be  grossly  unsatisfactory  at  some  RF  frequencies  due 
to  fact  that  EM  fields  are  coherently  absorbed  and  has 
complicated  structure  in  the  vicinity  of  sources. 
Coherent  absorption  is  a  typical  resonance  phenomenon. 
The  near-field  exposure  makes  the  use  of  the  term  power 
density  practically  meaningless.  Clearly,  the  relevant 
exposure  from  low-power  (7  W  or  less)  portable  devices 
happens  within  a  few  centimeters’  distance  from  the 
antenna,  where  some  high  EM  energy  density  values 
may  be  found. 

Clearly  using  the  specific  absorption  rate  SAR=crE2/p 
(a-conductivity  and  p  density  of  medium)  methodology 
in  assessing  the  exposure  of  a  human  to  incident  EM 
energy  totally  bypasses  the  issue  of  near  to  far  fields 
from  sources.  It  is  still  desirable  to  relate  the  SAR 
distribution  of  an  exposure  to  the  structure  of  the 
incident  EM  fields,  but  it  is  not  strictly  necessary. 

Note  that  SAR  and  it  limits  are  generally  frequency 
independent.  The  coupling  mechanism  that  results  in  the 
internal  body  fields,  as  E,  however,  involves  resonances, 
hence  is  frequency  dependent. 

We  shall  concern  ourselves  the  external  fields  with  the 
resulting  field  and  the  power  density  exposure  criteria. 
The  basic  promise  of  modem  standards  is  that  the 
severity  of  an  effect  is  directly  related  to  the  rate  of 
radio-frequency  energy  absorbed,  hence  the  introduction 
of  the  concept  of  SAR.  Fields  external  to  the  medium 
are  not  easily  related  to  fields  in  the  medium,  so  the 
determination  of  SAR  is  complex  and  often  relies  on 
precise  measurements,  difficult  or  even  impossible  to 
process  inside  the  human. 
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It  can  be  model  numerically  or  measure  using  phantom. 
So,  we  will  try  to  determine  the  near-field  of  a  handset 
in  a  free-space. 

The  CENELEC  (Comite  Europeen  de  Normalisation 
Electrotechnique)  safety  regulations,  standard  50166-2; 
1995  [10],  states  that  the  uncontrolled  exposure  of 
humans  in  the  frequency  band  f  =  0.4  to  2-GHz  must  be 
limited  to  an  averaged  E-field  express  as 
E=1 .37  fl/2.  (5) 

In  our  case,  the  peaks  of  electric  field  are  E=  41.1  and 
58.1  V/m  i.e.  32.3  and  35.3  dB,  for  f=  0.9  and  1.8  GHz, 
respectively. 

4.  EXPERIMENTAL  AND  CALCULATED 
RESULTS 


4.1.  Radiation  patterns 

The  calculated  vertical  and  horizontal  radiation  patterns 
are  shown  in  Fig.  3  with  the  measured  results. 


Fig.  3.  Calculated  and  measured  radiation  patterns  of  a 
PIFA  antenna  on  rectangular  conducting  body,  operating 
at  lover  frequency  [4],  [5]. 

The  E0  component  in  the  z-y  plane  shows  an 
approximately  omnidirectional  pattern  caused  by  surface 
currents  on  the  radio  case.  Such  desirable  features  for 
handset  antennas  are  obtained  at  both  frequencies.  The 
effects  of  a  conducting  body  can  most  clearly  be  seen  in 
x-z  plane  pattern,  where  there  are  nulls  around  0=  135 
and  270  deg,  which  could  not  appear  without  the 


conducting  body.  E$  component  in  the  x-y  plane  is 
mainly  the  radiation  from  the  feed  line  because  the 
amplitude  of  the  current  on  the  feed  line  is  much  higher 
than  that  on  other  wires. 

The  calculated  values  have  good  agreement  with  the 
measured  one,  although  null  depth  is  not  well  predicted, 
so  that  the  wire-grid  model  is  confirmed  to  be  useful  in 
analyzing  the  radiation  characteristics. 

4.2.  Near-E-field  underneath  radiators 

The  electric  field  distributions  underneath  the  antenna 
radiators  give  insight  into  antenna  operation.  In  Fig.  4, 
the  magnitude  of  the  electric  field  at  both  resonant 
frequencies  are  presented. 
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Fig.  4.  Computed  Ez-field  component  underneath  the 
plane  radiators  (z=8  mm)  of  dual-band  PIFA  antenna,  at 
the  first  -  0.9  GHz  (a)  and  the  second  -  1.8GHz  (b) 
resonant  frequencies  [5], 

Note:  In  both  cases  antenna  is  supplied  with  U/ci!j=1V,  and  a 
distance  between  radiators  and  metal  case  is  H=9  mm. 

The  results  clearly  show  that  Ez  is  equal  to  zero  in  the 
position  of  the  short  pins  and  considerably  larger  at  the 
opposite  edge.  The  magnitude  of  the  electric  field  of  the 
nonresonant  element  is  much  lower  than  that  of  the 
resonant  one  as  expected.  This  confirms  good 
decoupling  between  the  two  separated  radiating 
elements  at  both  frequencies. 

4.3.  Exposure  of  portable  radio  operators 

Because  of  the  relatively  low  power  of  portable 
transmitters  (usually  less  than  7W),  the  exposure  of 
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concern  is  only  in  the  very  close  proximity  to  the 
antenna,  where  the  head  of  the  user  is  located  during  the 
normal  operation  of  the  device. 

The  effects  due  the  presence  of  the  human  body  were 
examined  from  the  point  of  view  of  fields  external  to  the 
body. 
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Fig.  5.  Near-field  distribution  around  handset  with  X/4- 
whip  antenna  (a),  and  with  build-in  PIFA  (b),  at  f=  900 
MHz,  and  for  PIFA  at  1 800  MHz  (c),  Pfced=  0. 1  W  [5], 

Note:  The  CENELEC protection  area  is  bordered  by  white-line. 

Comparison  the  near-field  of  the  traditional  quarter- 
wave-whip  and  planar  build-in  handset  antenna  shows 
the  advantage  of  the  last  one.  The  EM  field  less  exposes 
the  head,  and  for  upper  frequency  also  -  hand. 

The  fields  scattered  by  the  body  and  externa!  to  it  are  the 
ones  of  most  interest  to  the  communications  problem. 
The  analytical  results  of  Chuang  [8]  suggest  that  the 
radiation  efficiency  of  a  resonant  840-MHz  dipole 
antenna  proximate  to  the  body  may  be  reduced  to  as 
little  as  29%  near  the  head  and  to  15%  at  belt  level 
compared  to  the  efficiency  in  free  space  conditions. 
Furthermore,  because  the  body  is  asymmetric  with 
respect  to  the  antenna,  there  is  coupling  of  energy  from 
the  nominal  to  the  cross-polarization. 

5.  CONCLUSIONS 

The  two  chief  design  characteristics  of  any  portable 
radio  telephone  antennas  are  that  it  must  be  mounted  on 
the  housing  of  portable  telephone  and  that  during 


operation  the  set  will  be  held  by  a  human,  who  may 
randomly  point  the  set  in  any  direction.  Because  antenna 
is  forced  into  close  proximity  with  the  housing,  the 
antenna  current  is  induced  not  only  into  antenna 
element,  but  also  into  the  conductive  housing.  This 
current  dispersion  changes  the  shape  of  the  original 
radiation  pattern.  Radiation  efficiency  is  further 
degraded  by  the  antenna’s  forced  proximity  to  the 
human  body,  since  the  antenna  is  necessarily  used  near 
an  operator.  The  polarization  of  radiation  pattern  is  also 
changed  by  the  changes  in  antenna  direction  caused  by 
operator  movements  and  habits.  These  difficult  design 
constraints  are  complicated  by  the  need  to  develop  very 
small  antenna  elements  to  meet  the  demand  for  compact, 
portable  equipment;  it  is  common  knowledge  that 
radiation  efficiency  and  bandwidth  degrade  as  antenna 
element  size  is  decreased. 

In  this  paper  the  wire-grid  models  for  PIFA’s  mounted 
on  portable  radio  case  have  been  described,  and  it  was 
confirmed  that  the  calculated  radiation  patterns  have 
good  agreement  with  measured  one.  The  near-E-field 
emitted  toward  operator  is  meaningful  reduced. 
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Recently,  electromagnetic  fields  by  some  electric  facilities 
are  discussed  mainly  with  the  point  of  view  of  human 
effects.  Until  now,  it  was  generally  said  that  there  were  little 
problems  in  the  electromagnetic  field  by  electric  railways 
because  of  not  such  high  voltage.  But,  international 
commision  of  1CNIRP  has  shown  the  guidelines  of 
electromagnetic  field  to  human  body  in  1998,  and  of  course 
electric  railways  must  keep  these  guidelines. Therefore,  we 
must  measure  such  electromagnetic  field  by  railway  systems 
accurately  and  evaluate  them  with  justice  . 

In  this  paper,  we  will  show  the  measurement  examples  of 
magnetic  field  by  railways  and  show  that  these  fields  are 
fully  under  the  present  guidelines. 

1 .  Introduction 

Recently,  according  to  the  development  of  magnetically 
levitated  vehicle  (  Maglev  )  systems  ,  it  has  been  said  that 
electromagnetic  field  by  linear  motors  were  noteworthy. 
Fortunately,  magnetic  field  by  JR-  Maglev  are  fulfilled  the 
environment  requirement  of  local  government.  After  this,  as 
these  problems  will  be  spread  to  general  electric  railway 
systems  we  must  measure  several  data  of  electromagnetic 
field  by  these  systems  and  evaluate  accurately  these  data 
under  the  international  guidelines  for  example  1CNIRP. 

In  this  paper,  we  will  show  the  measurement  examples  of 
magnetic  field  by  railways  and  show  that  these  fields  are 
fully  under  the  present  guidelines. 

2.Characteristics  of  magnetic  field  on  railway 

2.1  Magnetic  fields  in  the  vehicle 

The  sources  of  magnetic  fields  in  the  vehicle  are  classified 
into  figure  1. 

It  is  generally  considered  that  magnetic  fields  by  electric 
equipments  are  leaked  from  connected  cables  and  coils  rather 
than  boxes  themselves.  And,  these  magnetic  fields  have 
several  modes  by  running  pattern  (  powering,  braking, 
coasting)  and  continuous  changing  frequencies  by  time. 
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Fig.l  The  sources  of  magnetic  fields  in  the  vehicle 

Moreover,  these  magnetic  fields  are  radiated  with 
complexity  on  time  and  space  in  the  vehicle. 

2.2  Magnetic  fields  outside  the  vehicle 

It  must  be  considered  for  evaluating  magnetic  fields 
outside  the  vehicle  to  divide  measuring  modes  into  two 
patterns  that  is  vehicle  running  mode  and  absence  mode. 
And  ,  it  is  noted  that  in  the  case  of  vehicle  running  changing 
magnetic  field  by  currents  flow  and  electric  devices  on  the 
vehicle  have  several  frequency  and  amplitude  features 
according  to  running  modes  for  examples  powering,  braking 
or  coasting. 

3.  Measurement  method  of  magnetic  field  on  railways 

Generally  speaking,  the  distributions  of  magnetic  fields  on 
railways  are  largely  different  by  conditions  (  in  or  outside 
the  vehicle,  and  even  more  on  the  ractor  or  inverter  in  the 
vehicle  ,  running,  standstill  or  absence  ,  and  even  more 
powering  ,  coasting  or  braking  on  running  ).  But,  as  to 
choose  optimum  measuring  method  every  measurement 
condition  is  not  so  effective  because  of  huge  time  requiring, 
it  is  reasonable  to  take  the  unified  measurement  method  for 
fair  comparison  of  magnetic  fields  on  the  railway  systems. 

It  is  required  for  measure  magnetic  field  on  the  railway  that 
large  direct  magnetic  fileds  of  several  mT  order  superposing 
small  AC  (  alternating  current  )  magnetic  fields  from  some 
IX  T  to  10  li  T  order  that  change  frequencies  from  0  to 
several  100  Hz  order  every  time  can  be  measured  accurately 
by  the  order  of  0.1  U  T  order.  Therefore,  we  developed 
measurement  device  for  magnetic  field  on  railway  to 
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measure  the  range  of  maximum  2  mT  DC  and  0.5  mT  AC 
up  to  500  Hz  magnetic  field  on  real  time. 

Table  1  shows  the  main  specification  of  this  measurement 
device. 


Table  1  Main  specification  of  magnetic  measurement 
instrument  for  railway  systems 


Detecting  method 

Flux  gate  form 

Frequency  range 

0  ~  500  Hz 

Measurement  range 

DC  i 

0.1  li  T  ~  2  mT 

AC  ; 

0.1(tT~  0.5  mT 

Sensor  length 

5  cm 

Dimensions 

Width 

Height  i  Depth 

395mm 

i  383mm  i  191mm 

Weight 

13  kg 

4.  Measurement  examples  of  magnetic  fields  on 
railways 

In  this  chapter  some  examples  of  magnetic  fields  on 
railway  systems  that  were  measured  by  proposed  method  are 
shown. 

4.1  Conventional  railway  of  DC  feeder  system 

In  Japan  ,  major  business  transportation  systems  in  the 
urban  areas  are  adopted  DC  1500  V  feeding.  Therefore,  we 
measured  magnetic  fields  of  vehicles  feeded  by  DC  1500V. 
Figure  1  ,  2  and  3  shows  the  example  of  magnetic  fields  on 
the  reactor,  on  the  inverter  and  on  the  SIV  (  Static  Inverter  ) 
in  the  vehicle  respectively. 

It  is  confirmed  that  magnetic  fields  on  the  reactor  have  DC 
and  AC  components.  It  is  estimated  that  DC  component  is 
caused  by  DC  currents  from  trolley  and  AC  components  are 
formed  by  harmonics  currents  of  inverters  on  the  vehicle. 

On  the  contrary,  magnetic  fields  on  the  inverter  have 
almost  AC  components  of  inverter  frequencies.  So,  the 
frequencies  of  magnetic  fields  on  the  inverter  are 
synchronized  to  them  of  inverter  frequencies. 
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Fig.2  Example  of  magnetic  field  on  the  inverter  in  the  vehicle 


Fig.3  Example  of  magnetic  field  on  the  SIV  in  the  vehicle 

On  the  other  hand,  It  is  shown  that  magnetic  fields  on  the 
SIV  have  AC  component  of  carrier  frequency  of  SIV  that  is 
140  Hz. 

Thus,  It  is  clarified  that  magnetic  fields  in  the  vehicle 
have  distributed  widely  on  each  electric  equipment  and  are 
changed  as  time  goes  by  according  to  running  modes. 

Table  1  shows  the  maximum  values  of  magnetic  fields  of 
DC  and  AC  components  on  each  device  in  the  vehicle  and 
figure  4  shows  the  magnetic  field  on  the  reactor  every 
running  mode. 

Table  1  Measurement  results  of  magnetic  field  in  the  vehicle 


(mT) 


Reactor 

Inverter 

SIV 

DC 

Powering 

0.59 

0.04 

0.06 

Coasting 

0.13 

0.04 

0.05 

Braking 

0.51 

0.05 

0.05 

AC 

Powering 

0.06 

0.02 

0.002 

20Hz 

3  Hz 

140Hz 

Coasting 

0 

0 

0.002 

140Hz 

Braking 

0.04 

0.01 

0.002 

15Hz 

13Hz 

140Hz 

Fig.l  Example  of  magnetic  field  on  the  reactor  in  the  vehicle 
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•—DC  Magnetic  Field 
-■—AC  Magnetic  Field 

Fig.4  Magnetic  field  on  the  reactor  every  running  mode 


Moreover  ,  Some  examples  of  magnetic  field  outside  vehicle 
are  shown  in  figure  5. 


|  •  DC  nagnetic  field  -»-AC  iiagnetic  f i e I d | 
Fig.5  Magnetic  field  outside  vehicle 


In  this  figure,  it  is  cleared  that  magnetic  fields  outside 
vehicle  are  mainly  consisted  of  DC  component  and  AC 
components  that  are  about  one  tenth  of  DC  for  DC  feeding 
systems. 

4.2  Magnetic  field  on  linear  motor  driven  systems 

In  Japan,  several  linear  motor  driven  systems  are 
developing  and  practical  uses  in  part.  For  these  systems,  the 
subjects  of  human  effects  by  magnetic  fields  on  linear 
motors  are  arrested  now. 

In  this  section,  some  results  of  measurements  and 
evaluations  about  magnetic  fields  on  linear  motor  driven 
systems  with  primary  side  on  vehicle  systems  (  linear  metro  ) 
and  on  ground  systems  (  sky-  rail  )  are  described.  However, 
these  systems  are  all  used  linear  induction  motors. 

Figure  6  shows  the  example  of  magnetic  fields  on  the  linear 
motors  with  primary  side  on  vehicle  .  Figure  7  shows  the 
example  of  magnetic  field  of  linear  motors  outside  vehicle. 

Though  magnetic  fields  in  the  linear  motor  driven  vehicle 
are  similar  to  its  of  conventional  railway  on  the  inverter, 
they  are  quite  different  outside  vehicle. 


Fig.6  Magnetic  field  on  the  linear  motor  in  the  vehicle 


0  1  2  3  4  5 

Sec 

Fig.7  Magnetic  field  of  liner  motor  outside  vehicle 

Judging  from  these  figures  ,  magnetic  fields  of  linear 
motors  are  radiated  in  and  outside  vehicle. 

Figure  8  shows  the  example  of  AC  magnetic  fields  on  the 
linear  motor  in  the  vehicle. 


LIM  Metro  -«-SKY  RAIL 


Fig.8  AC  magnetic  fields  on  the  linear  motor  in  the  vehicle 

It  is  confirmed  that  AC  magnetic  fields  by  linear  motors 
are  more  remarkable  on  powering  and  braking  than  coasting 
and  are  larger  than  conventional  railway  about  one  figure  up. 
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However  ,  it  must  attend  to  evaluate  that  these  main 
frequencies  of  AC  magnetic  fields  are  low  range  under 
100Hz  order  and  its  amplitudes  are  less  than  0.1  mT. 

Table  2  shows  the  measurement  results  of  maximum 
magnetic  fields  of  linear  motors  outside  the  vehicle. 

Table  2  Measurement  results  of  magnetic  fields  outside 


vehicle  of  linear  motor  drives 


Primary  side  on 

Vehicle 

Ground 

Vehicle  passing 

DC  mT 

0.07 

0.06 

AC  mT 

0.02 

HTH: 

17  Hz 

memt. 

Vehicle  absence 

DC  mT 

0.07 

0.06 

AC  mT 

0.002 

100Hz 

0 

It  is  cleared  that  AC  magnetic  fields  by  linear  motors  outside 
vehicles  are  amaller  than  its  in  the  vehicles  about  one 
figure  down  and  have  low  frequency  components  like  as  in 
the  vehicle. 


S.  Relationship  between  measurement  results  and 
guideline 


5.1  Measurement  results  and  ICNIRP  guideline 
1CNIRP  has  published  the  guideline  for  limiting  exposure 
to  time-  varying  electric  magnetic  ,  and  electromagnetic 
fields  in  1998. 

Figure  9  shows  the  guideline  of  reference  magnetic  flux 
density  level  and  the  status  range  by  measuring  outside 
vehicle  on  railways. 
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Fig.  9  Reference  level  of  ICNIRP  and  measuring  results 

As  shown  in  this  figure,  in  the  present  time  magnetic  fields 
by  railways  outside  vehicle  have  enough  margins  against 
reference  level  of  ICNIRP.  However,  considering  that  large 


capacity  IGBT  inverter  will  be  used  in  the  near  future  this 
margin  will  be  limited  especially  in  the  middle  frequency 
ranges  of  some  kHz  order.  Moreover  ,  in  the  vehicle  , 
because  of  nearness  from  electric  equipments  ,  this  margin 
will  be  more  shorter  and  close  to  the  reference  levels. 

In  this  case  ,  we  must  consider  the  basic  restriction. 

5.2  Simple  modeling  of  magnetic  fields  distributions  on 
railways 

If  magnetic  flux  density  is  exceeded  the  reference  level,  we 
must  calculate  induced  currents  in  the  human  body.  But, 
magnetic  fields  on  railways  have  two  characteristic  features. 
One  is  to  attenuate  remarkably  with  length  from  the  sources 
and  the  other  is  to  have  low  frequency  componetns  on 
maximum  values.  Therefore,  under  several  assumptions  show 
below  ,  we  establish  simple  calculation  methods  of  induced 
currents  in  the  human  body  on  railways. 

(  Assumptions  ) 

®  Magnetic  fields  on  railways  attenuate  with  one-  order 
function  by  length  of  sources. 

(D  Human  body  is  composed  of  several  cylinders  of 
supposed  radius  ,  length  and  equivalent  conductivity. 

(D  Maximum  magnetic  flux  density  and  it’s  frequency  are 
taken  as  the  representative  value  for  calculations. 

(  Calculation  example  ) 

Calculated  value  of  induced  current  is  about  under  0.1 
mA/m  2  for  adult  person  at  50  Hz  in  regard  to  2  mA/m  2  of 
basic  restrictions. 

For  railways  as  attenuations  of  magnetic  fields  by  length 
on  railways  are  large,  many  margins  can  secure  for  the  basic 
restrictions. 


6.  Conclusion 

The  characteristics  of  magnetic  feilds  on  railways  were 
arranged  above,  and  real  measurements  were  executed  by 
proposal  measurement  method.  Moreover,  measurement 
results  were  compared  with  present  guideline  for  human 
body  on  ICNIRP  .  As  the  result,  magnetic  fields  on  railway 
systems  have  enough  margins  against  present  guideline  of 
ICNIRP  under  the  present  technology  stage,  but  in  the  near 
future,  this  margin  will  be  supposed  to  be  short  because  of 
high  power  and  high  frequency.  However,  as  this  margin  is 
restricted  on  reference  level,  it  will  be  calculated  under  the 
basic  restrictions  by  modeling  of  magnetic  field  distributions 
on  railways.  In  this  paper,  we  propose  simple  modeling  and 
calculation  sequences  and  show  that  enough  margins  will  be 
secured  even  if  magnetic  fields  on  railways  are  exceeded 
reference  level  in  the  future. 

But,  hereafter  we  must  measure  more  magnetic  field  on 
several  railway  systems  and  grasp  its  characteristics  more 
accurately,  and  need  to  propose  accurate  measurement 
methods  and  evaluation  method  for  international  guidelines. 
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The  Swiss  government  has  put  into  force  a 
new  ordinance  on  the  protection  of  the  general 
population  from  non-ionizing  radiation.  The 
ordinance  regulates  non-ionizing  radiation 
originating  from  stationary  installations.  It  en¬ 
forces  the  reference  levels  for  the  general 
population  which  were  recommended  by 
ICNIRP.  In  addition  emphasis  is  given  to  the 
precautionary  reduction  of  long  term  exposure. 


1.  INTRODUCTION 

On  1  February  2000  the  Swiss  government 
has  put  into  force  a  new  ordinance  on  the  pro¬ 
tection  of  the  general  population  from  non-io¬ 
nizing  radiation  (NIR)  in  the  frequency  range 
from  0  Hz  to  300  GHz.  It  applies  to  stationary 
sources,  e.g.  high  voltage  overhead  transmis¬ 
sion  lines  and  underground  cables,  sub¬ 
stations,  transformer  stations,  electric  in-house 
wiring,  railways,  transmitters  and  radar  sta¬ 
tions.  No  restrictions  are  imposed  on  mobile 
equipment  like  cellular  phones  or  electric  ap¬ 
pliances  because  emission  reducing  strategies 
for  such  consumer  products  must  be  stan¬ 
dardized  at  the  international  level.  This  is  al¬ 
ready  the  case  for  e.g.  microwave  ovens  or 
video  display  units.  Also  excluded  are  inten¬ 
tional  medical  applications  of  NIR  as  well  as 
exposure  of  workers  at  the  work  place  from 
sources  within  the  enterprise. 


2.  LEGAL  FRAMEWORK 

The  legal  framework  is  laid  down  in  the  Swiss 
federal  law  relating  to  the  protection  of  the 
environment.  According  to  this  law  NIR  in  the 
environment  must  be  limited  to  a  level  which  is 
neither  harmful  nor  a  nuisance  to  humans. 


This  level  has  to  be  defined  in  terms  of  expo¬ 
sure  limit  values.  The  basis  for  deriving  these 
exposure  limit  values  is  -  according  to  the  law 
-  the  state  of  scientific  knowledge  or  the  gen¬ 
eral  experience. 

In  addition  exposures  which  might  be  harmful 
or  a  nuisance  shall  be  limited  in  the  sense  of 
precaution  as  much  as  technology  and  oper¬ 
ating  conditions  will  allow  provided  this  is  eco¬ 
nomically  acceptable.  This  precautionary  prin¬ 
ciple  applies  irrespective  of  the  actual  level  of 
exposure.  A  risk  needs  not  to  be  proven  for 
precautionary  measures  to  be  implemented. 
The  precautionary  approach  is  designed  to 
reduce  potential  risks,  specifically  potential 
long  term  risks  which,  due  to  limited  knowl¬ 
edge,  can  not  yet  be  assessed  in  a  satisfactory 
way. 


3.  THE  ORDINANCE  ON  PROTECTION 
FROM  NON-IONIZING  RADIATION 

3.1  Exposure  limit  values 

The  ordinance  enforces  the  reference  levels 
for  the  general  population  as  recommended  by 
the  International  Commission  on  Non-Ionizing 
Radiation  Protection  (ICNIRP)  [1],  These  ex¬ 
posure  limit  values  must  be  respected  at  all 
places  accessible  to  the  general  public  irre¬ 
spective  of  the  emitting  installations  being  old 
or  new.  They  are  shown  in  figure  1  for  the  case 
that  an  exposure  is  made  up  of  one  single 
frequency.  If  fields  at  several  frequencies  are 
simultaneously  present  all  contributions  have 
to  be  appropriately  summed  up  according  to 
the  summation  rules  of  ICNIRP.  These  expo¬ 
sure  limit  values  therefore  limit  the  overall  ex¬ 
posure  which  is  present  at  a  given  location. 
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Figure  1:  Reference  levels  for  the  general  population  recommended  by  ICNIRP  [1] 
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The  ICNIRP  reference  levels  protect  humans 
from  scientifically  proven  harmful  effects.  How¬ 
ever,  the  data  base  which  underlies  ICNIRP’s 
reference  levels  is  rather  limited.  Only  short 
term  biological  effects  at  rather  high  intensity 
were  considered  by  ICNIRP  to  be  sufficiently 
validated.  Other  scientific  findings  of  biological 
effects  at  much  lower  levels  -  so  called  non- 
thermal  effects  -  and  some  epidemiologic  evi¬ 
dence  that  low  level  NIR  could  be  a  risk  factor 
in  cancer  development  were  not  considered. 
Consequently  there  are  some  doubts  as  to 
whether  the  ICNIRP  guidelines  provide  the 
degree  of  protection  requested  by  the  Swiss 
law  on  environmental  protection.  Specifically, 
open  questions  remain  concerning  health  ef¬ 
fects  under  long  term  exposure.  Despite  these 
deficiencies  the  ICNIRP  reference  levels  were 
adopted  as  exposure  limit  values  because  no 
convincing  alternative  was  available. 


3.2  Precaution 

Given  the  incomplete  knowledge  about  long 
term  health  effects  it  is  important  to  avoid  any 
unnecessary  exposure.  This  is  exactly  what  is 
intended  by  the  principle  of  precaution. 

The  principle  of  precaution  is  focused  to  those 
situations  where  people  are  exposed  for  a 
prolonged  duration.  Exposure  is  considered 


long  term  if  a  source  emits  for  at  least  800 
hours  per  year  and  if  the  radiation  of  this 
source  impinges  on  a  place  where  humans  can 
stay  for  a  prolonged  time.  The  latter  places  are 
called  “places  of  sensitive  use”. 

In  order  to  be  applicable  in  practice  the  princi¬ 
ple  of  precaution  has  been  put  into  numbers  by 
means  of  so  called  installation  limit  values 
(ILV).  In  contrast  to  the  exposure  limit  values 
the  ILV  do  not  refer  to  the  overall  exposure  but 
only  to  that  radiation  which  is  produced  by  one 
single  installation.  The  ILV  are  expressed  in 
terms  of  magnetic  flux  density  for  power  lines, 
transformers,  sub-stations  and  railways  or  in 
terms  of  electric  field  strength  for  telecommu¬ 
nication,  broadcast  and  radar  transmitters. 

The  ILV  are  compiled  in  table  1.  They  are  sub¬ 
stantially  lower  than  the  exposure  limit  values. 
Contrary  to  the  exposure  limit  values  they  are 
not  based  on  health  effects  but  on  the  techni¬ 
cal  and  economic  practicability.  The  experi¬ 
ence  shows  that  long  term  exposure  from  a 
single  source  at  places  of  sensitive  use  can  in 
the  great  majority  of  cases  be  kept  far  below 
the  exposure  limit  values  without  unduly  im¬ 
peding  the  construction  and  operation  of  in¬ 
stallations.  The  ILV  are  therefore  not  new, 
lower  safety  limit  values.  They  simply  reflect 
today’s  state  of  technology  to  reduce  long  term 
exposure. 
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Table  1:  Installation  limit  values  (ILV)  for  various  installations 


Installation 

Reference  operational  state 

Electric  power  lines; 
transformer  stations;  sub¬ 
stations 

1  HT 

Maximum  rated  current 

Electric  railways 

lyT _ 

24  hour  average,  at  operation  according  to  schedule 

Cellular  phone  base  sta¬ 
tions 

900  MHz 
£1800  MHz 
mixed  frequency 

QlgjljHK 

Maximum  rated  emitted  power 

Long-  and  mediumwave 
broadcasting 

8.5  V/m 

Maximum  rated  emitted  power 

Radar 

5.5  V/m 

Average  over  a  complete  survey  scan,  at  maximum 
rated  power 

All  other  radio  transmitters 

3  V/m 

Maximum  rated  emitted  power 

The  ILV  must  be  respected  only  at  places  of 
sensitive  use.  The  measures  to  be  taken  in 
order  to  comply  with  the  ILV  are  not  defined  in 
the  ordinance  but  rather  left  to  the  skills  and 
responsibility  of  the  owner  of  an  installation. 
Measures  are  either  of  technical  nature  or  they 
influence  the  siting  of  installations  (keeping 
away  from  places  of  sensitive  use).  Technical 
measures  for  high  power  lines  are  e.g.  the 
optimum  arrangement  of  conductors  and 
phases  as  well  as  the  height  of  conductors 
above  ground.  For  cellular  base  stations  the 
technical  options  refer  to  the  choice  of  the 
antenna  (radiation  pattern),  to  the  height  of  the 
antenna  above  ground  and  to  minimizing  the 
transmitted  power. 

The  ILV  have  been  set  at  a  level  which  gener¬ 
ally  can  be  respected  by  newly  constructed 
installations.  This  is  not  necessarily  true  for 
existing  installations.  The  ordinance  therefore 
allows  exceptions  either  for  certain  installation 
categories  in  general  or  for  individual  installa¬ 
tions  on  a  case  by  case  basis.  Existing  power 
lines  and  railways  e.g.  are  generally  exempt 
from  respecting  the  ILV  because  reconstruc¬ 
tion  and  new  siting  would  in  many  cases  be 
necessary  which  is  considered  too  expensive. 
On  the  other  hand  cellular  phone  base  stations 
must  respect  the  ILV  without  exception  and 
irrespective  of  their  being  old  or  new. 

The  ordinance  concerns  first  of  all  the  owner  of 
an  installation.  Installations  must  be  con¬ 
structed  and  operated  in  such  a  way  that  they 
comply  with  the  requirements  of  the  ordinance. 
Secondly,  also  land  use  planning  is  affected. 
The  ordinance  demands  that  new  zones  of 


construction  must  only  be  assigned  where  the 
ILV  of  an  existing  or  planned  installation  is  not 
exceeded. 


4.  CONCLUSIONS 

The  precautionary  approach  is  laid  down  in 
general  terms  in  the  Swiss  law  on  Environ¬ 
mental  protection  and  further  supported  by 
preliminary  indications  of  health  effects  at  long 
term,  low  intensity  exposure.  The  new  Swiss 
ordinance  puts  the  precautionary  principle  into 
numbers.  The  extent  of  precaution  has  been 
established  by  the  government  following  an 
evaluation  of  the  technical  possibilities  to  re¬ 
duce  exposure  and  the  economic  conse¬ 
quences.  With  the  chosen  approach  the  long 
term  exposure  of  the  population  in  Switzerland 
to  NIR  will  remain  as  low  as  is  today  consid¬ 
ered  technically  possible  and  economically 
feasible. 
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This  paper  reviews  biological  effects  of 
electromagnetic  fields,  and  their  relation  to  risk 
assessment  and  standards  development.  A  great  many 
biological  effects  have  been  reported  from 
electromagnetic  fields,  but  only  few  such  reports  have 
influenced  the  development  of  major  exposure 
standards  in  effect  at  present.  Major  exposure 
standards  have  been  based  on  hazards  such  as  shock 
and  bum,  resulting  from  acute,  high  level  exposures. 

We  review  briefly  current  controversies  about  possible 
chronic  effects  of  electromagnetic  fields,  and  the  WHO 
EMF  Project,  which  is  co-ordinating  a  health  risk 
assessment  of  electromagnetic  fields. 

1.  INTRODUCTION 

The  subject  of  biological  effects  of  electromagnetic 
fields  is  vast.  One  database  includes  approximately 
28,000  abstracts  of  papers  on  biological  or  health 
effects,  or  biomedical  applications  of  electromagnetic 
fields  [1],  This  is  subject  is  far  too  large  to  review  here. 

This  talk  will  review  some  major  issues  related  to  the 
interaction  of  electromagnetic  fields  with  biological 
systems  and  standards  development.  Finally,  we 
describe  the  WHO  EMF  Project,  which  addresses 
important  issues  in  health  risk  assessment  related  to 
electromagnetic  fields. 

2.  DOSIMETRIC  CONSIDERATIONS 

As  with  any  potentially  toxic  substance,  the  potential 
hazards  of  electromagnetic  fields  depends  on  the 
exposure  as  well  as  other  characteristics  such  as 
frequency.  For  a  comprehensive  review  see  [2], 

Appropriate  measures  of  exposure  include: 

•  External  field  strength.  At  low  frequencies  or  in  the 
near-fields  of  antennas,  the  appropriate  dosimetric 
quantity  is  the  electric  or  magnetic  field  strength; 
commonly  investigators  cite  the  magnetic  flux 
density  instead. 


•  Incident  power  density  (intensity),  in  W/m2,  typically 

used  for  far-field  exposures  at  radiofrequencies  and 
above. 

•  Contact  current,  in  amperes. 

These  exposure  parameters  pertain  to  fields  outside  the 
body.  The  magnitude  of  the  biological  response  typically 
depends  on  the  fields  induced  within  the  body,  i.e.  the 
dose.  Appropriate  measures  of  dose  include  the  internal 
field  strength,  current  density,  or  specific  absorption  rate 
(SAR).  The  SAR  is  defined  as  the  rate  of  heat 
generation  in  watts  per  kilogram  of  tissue. 

The  coupling  between  an  external  electric  or 
magnetic  field  and  the  body  is  a  complex  issue  that 
depends  on  field  and  body  geometry  and  frequency, 
among  other  factors.  (For  a  comprehensive  review  see 
[3]).  An  important  consideration  is  the  wavelength  in 
relation  to  the  body  size.  The  coupling  properties  can  be 
discussed  in  three  very  loosely  defined  frequency 
ranges: 

•  The  quasi-static  range  (frequencies  from  about  100 

kHz  to  less  than  about  20  MHz).  At  these 
frequencies,  the  body  dimensions  are  far  smaller 
than  the  wavelength  of  an  electromagnetic  wave, 
and  the  coupling  can  be  considered  separately  for 
external  electric  and  magnetic  fields,  both  of  which 
induce  electric  fields  within  the  body.  In  general,  the 
coupling  is  extremely  weak  at  low  frequencies,  but 
increases  roughly  linearly  with  frequency.  The 
induced  current  is  distributed  throughout  the  body  in 
a  complex  way  depending  on  body  geometry  and 
electrical  properties.  For  example,  for  a  person 
standing  on  a  ground  plane  in  a  vertically  polarized 
electric  field,  the  induced  current  density  in  the  neck 
and  legs  can  be  considerably  higher  than  in  the 
torso  because  of  the  smaller  cross  sectional  areas 
of  these  body  parts. 

•  The  resonance  region  (frequencies  from  about  20 
MHz  to  10  GHz),  at  which  the  wavelength  of  the 
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incident  field  is  comparable  to  the  size  of  the  body 
or  body  parts.  In  this  frequency  range,  wave 
propagation  effects  are  very  important.  The  body 
and  body  parts  exhibit  multiple  electrical 
resonances  due  to  antenna  effects.  Relatively  high 
absorption  can  occur  in  the  whole  body  near  its, 
resonant  frequency  of  about  70  MHz  (for  an  adult 
standing  erect  in  a  vertically  polarized  field).  At 
higher  frequencies,  localized  regions  of 
comparatively  high  SAR  can  occur  in  parts  of  the 
body  (e.g.,  head)  due  to  electrical  resonance. 

The  quasi-optic  range  (frequencies  above  about  10 
GHz),  at  which  most  of  the  energy  absorption 
occurs  within  a  few  mm  or  less  from  the  body 
surface. 

The  above  considerations  pertain  to  whole-body  or 
nearly  whole-body  exposure.  For  near-field  exposures, 
or  when  there  is  contact  with  external  conductors  (both 
common  scenarios  in  acutely  hazardous  exposure 
situations  involving  high-powered  sources)  the  coupling 
properties  depend  in  complex  ways  on  the  field  and 
body  geometries. 

These  considerations  are  essentially  related  to 
dosimetry,  i.e.  determining  the  fields  that  are  induced 
within  the  body  from  exposure  to  an  external 
electromagnetic  field.  Apart  from  dosimetric 
considerations,  the  frequency  is  also  important  in 
determining  the  biological  response.  Biological 
processes  have  intrinsic  response  times,  which  imparts 
a  low-pass  characteristic  to  most  biological  responses 
to  fields. 

2.  BIOPHYSICAL  MECHANISMS 

A  great  many  mechanisms  are  established  by  which 
electric  or  magnetic  fields  can  interact  with  biological 
systems,  either  thermal  or  nonthermal.  (For  a  recent 
review  focusing  on  modulation-dependent  mechanisms 
see  [4].  Most  nonthermal  mechanisms  involve  the 
electric  field.  Electric  fields  exert  forces  on  charges  and 
torques  on  molecules;  in  addition,  higher-order 
interactions  occur  between  field  gradients  and  induced 
dipole  moments  or  charges.  These  forces  are  opposed 
by  random  thermal  agitation.  Biophysical  considerations 
suggest  that  thresholds  for  producing  significant 
responses  via  these  nonthermal  mechanisms  in 
biological  systems  are  very  high. 

Excitation  of  cell  membranes  (a  physiological 
process  responsible  for  electrical  shock)  is  a  nonthermal 
effect  that  is  both  well  documented  and  potentially 
hazardous.  For  typical  cells,  stimulating  excitatory 
phenomena  generally  requires  changing  the  membrane 
potential  by  tens  of  mV,  which  in  turn  requires  electric 
field  strengths  in  the  surrounding  tissue  in  the  range  of 
V/m  or  more.  However,  the  thresholds  vary  widely 
depending  on  cell  type.  Because  of  the  response  time 
of  membrane  gates,  membrane  excitation  is  a  low- 


frequency  phenomenon.  For  a  detailed  discussion  see 
Reilly  [5], 

Thermal  mechanisms,  by  contrast,  are  related  to 
temperature  increase,  or  rate  of  temperature  increase, 
in  the  exposed  tissues.  Thermal  effects  can  be  elicited 
by  fields  of  any  frequency,  but  because  of  the 
frequency-dependent  coupling  properties  of  the  body, 
they  are  most  apparent  with  high  frequency  fields. 

3.  BIOLOGICAL  EFFECTS  OF  ELECTROMAGNETIC 
FIELDS  IN  HUMANS 

A  number  of  biological  effects  have  been  well 
established  to  occur  in  humans,  some  of  which  are 
potentially  hazardous.  We  first  consider  effects 
observed  under  acute  (short  term)  exposure  conditions, 
and  then  comment  about  possible  effects  of  chronic 
exposure  to  electromagnetic  fields  in  humans. 

3.1  Static  fields 

The  strongest  DC  magnetic  field  that  a  human  is 
li1  ly  to  encounter  is  in  the  low-Tesla  range,  e.g.  during 
imaging  by  MRI.  No  biophysical  mechanism  has  been 
established  that  might  lead  to  pronounced  effects  in 
humans  at  such  levels,  and  limited  testing  with  animals 
has  disclosed  only  subtle  effects.  Humans  exposed  to  4 
T  fields  in  an  MRI  system  have  reported  mild  sensory 
phenomena  [6],  The  threshold  for  human  perception  of 
DC  electric  fields  is  40-45  kV/m  [7], 

3.2  Low  (power)  frequency  fields 

The  threshold  for  human  perception  of  50/60  Hz 
electric  fields  is  2-10  kV/m,  and  the  perception  arises 
from  movement  of  hairs  on  the  subject's  skin.  Other 
sensory  effects  are  produced  by  contact  current  when  a 
subject  touches  a  conductive  object  while  located  in  a 
field. 

Alternating  or  pulsed  magnetic  fields  will  induce 
electric  fields  in  the  body,  which  at  sufficient  can  be  life 
threatening  (e.g.  by  inducing  cardiac  fibrillation). 
However,  the  estimated  flux  densities  needed  to 
produce  such  effects  are  very  high,  e.g.  magnetic  flux 
densities  above  100  mT  at  60  Hz..  Some  clinical 
devices  use  pulsed  magnetic  fields  to  stimulate  nerve 
and  muscle  tissues.  These  typically  employ  pulsed 
magnetic  fields,  usually  of  millisecond  duration  and  with 
magnetic  slew  rates  (dB/dt)  of  tens  of  T/s  and  peak 
magnetic  fields  ranging  from  several  hundred  mT  to 
several  T. 

Stimulation  of  fracture  repair  is  a  poorly  understood 
but  seemingly  well  established  effect  of  pulsed  magnetic 
fields;  magnetic  bone  stimulators  have  been  approved 
for  sale  in  the  U.S.  since  the  late  1970's.  These  devices 
employ  a  variety  of  pulsed  fields,  and  induce  electric 
fields  in  the  body  with  peak  levels  of  the  order  of  0.1 
V/m.  The  corresponding  peak  current  densities  are  of 
the  orders  of  tens  of  mA/m2  in  soft  tissue,  which  are 
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above  the  level  of  naturally  occurring  (endogenous) 
fields  but  are  well  below  anticipated  thresholds  for 
eliciting  action  potentials  in  excitable  tissue. 

A  well  established  effect,  first  observed  by 
d’Arsonval  in  1896,  is  the  production  of  visual 
sensations,  called  magnetophosphenes,  when  the  head 
is  exposed  to  alternating  magnetic  felds  (10-20  mT,  50 
Hz).  These  effects  are  caused  by  small  currents  (20-200 
mA/cm2)  that  are  induced  in  the  retina  of  the  eye. 

A  final  effect  we  consider,  which  has  some  bearing 
on  electrical  injuries  under  special  conditions,  is 
electrical  breakdown  of  cell  membranes.  This  effect, 
termed  electroporation,  occurs  when  the  induced 
potential  across  a  cell  membrane  exceeds  about  1  V. 
Such  effects  require  high  current  densities  in  the 
surrounding  medium,  at  frequencies  below  ca.  1  MHz, 
i.e.  current  levels  that  would  also  be  thermally 
hazardous  if  sustained.  However,  electroporation  is  a 
very  fast  process,  and  can  be  produced  in  the  absence 
of  damaging  heating  if  the  current  pulse  is  very  short. 
Electroporation  has  been  implicated  in  some  forms  of 
electrical  injury  [8], 

2.3  High  frequency  (radiofrequency)  fields 

At  frequencies  above  1-3  kHz,  cell  membranes 
become  progressively  less  sensitive  to  electrical 
stimulation,  and  thermal  phenomena  predominate.  A 
variety  of  effects,  some  hazardous,  have  been  reported 
from  high-frequency  electromagnetic  fields  (mostly  at 
radiofrequencies  and  above). 

Humans  can  perceive  microwave  energy  through  a 
number  of  thermal  mechanisms.  The  most 
straightforward  is  perception  of  skin  temperature 
increase  produced  by  microwave  irradiation.  The 
threshold  for  warmth  perception  corresponds  to  skin 
temperature  increases  of  about  0.07  C  [9],  The 
threshold  for  thermal  pain  corresponds  to  temperature 
increases  50-100  times  higher.  Pulsed  microwaves  can 
elicit  auditory  sensations  if  absorbed  in  the  head,  due  to 
perception  of  thermally  generated  acoustic  transients 
[103- 

One  unequivocal  potential  hazard  from 
electromagnetic  fields  is  thermal  injury,  i.e.  burns.  The 
thresholds  for  producing  thermal  damage  in  tissue 
depend  on  the  temperature  rise  and  duration  of  the 
heating.  Thermal  damage  to  tissue  can  be  modelled  as 
a  first-order  rate  process  with  a  threshold  of  about  43  C, 
i.e.  temperatures  below  this  level  can  be  tolerated 
indefinitely,  while  higher  temperatures  will  lead  to 
thermal  damage,  in  progressively  shorter  times  at  higher 
temperatures.  Thus  the  microwave  exposure  needed  to 
produce  thermal  damage  depends  on  several  factors, 
including  the  time  over  which  irradiation  persists,  the 
size  of  the  heated  region,  and  the  rate  at  which  heat  is 
transported  from  the  heated  region. 


Other  thermal  effects  can  be  produced  by  interacting 
with  the  thermoregulatory  system,  even  in  the  absence 
of  hazardous  temperature  increases.  Characteristic 
thermoregulatory  changes  include  alterations  in  blood 
flow,  respiration,  sweating,  and  many  more  subtle 
physiological  and  behavioral  responses.  These 
responses  can  be  interpreted  as  normal  physiological 
responses  to  heat,  and  are  not  necessarily  adverse  to 
the  individual. 

The  basal  metabolic  rate  in  man  is  about  1  W/kg  of 
body  mass,  and  whole-body  exposures  somewhat  below 
this  level  can  be  expected  to  produce  thermoregulatory 
responses.  Animals  of  different  species  differ  widely  in 
their  thermoregulatory  capabilities  and  responses. 

This  creates  the  need  for  care  in  evaluating  data  on 
biological  effects  of  radiofrequency  energy,  including  the 
need  to  distinguish  carefully  between  whole  body  and 
partial  body  exposures.  Handsets  of  mobile  telephones, 
for  example,  may  produce  a  partial  body  exposure  of 
several  W/kg  in  small  regions  of  the  head,  although  the 
total  absorbed  power  might  be  thermally  insignificant. 
Effects  reported  in  animals  at  similar  (whole-body) 
exposures  are  not  necessarily  indicative  of  those  that 
might  be  produced  by  partial  body  exposure  in  humans 
at  such  levels. 

A  wide  variety  of  other  thermal  effects  have  been 
demonstrated  from  radiofrequency  fields  in  animals, 
which  can  be  anticipated  to  occur  in  humans  as  well. 
Some  of  the  more  significant  include  thermally  induced 
cataract  and  adverse  reproductive  effects  (birth  defects 
and  other  adverse  effects).  These  effects  require  quite 
high  exposure  levels  (tens  of  W/kg)  and  the  effects  are 
clearly  related  to  excessive  heating. 

Behavioral  disruption  has  been  observed  in  several 
species  of  animals  exposed  to  microwaves  at  whole 
body  exposures  of  4-6  W/kg,  at  several  frequencies 
above  100  MHz.  In  such  studies,  the  animals  are  trained 
to  carry  out  a  task  (for  example,  pressing  a  lever  to 
obtain  food  pellets)  and  exposed  to  microwave  energy. 
At  some  exposure  level,  the  animals  stop  performing  the 
assigned  task  and  begin  a  different  behavior,  typically 
one  associated  with  thermoregulation  (for  example, 
spreading  saliva  on  the  tail  in  rats). 

The  two  classes  of  mechanisms  described  above 
(membrane  excitation  and  thermal  effects)  are  thus  the 
underlying  cause  of  many  different  effects,  some  of 
which  are  clearly  hazardous.  Membrane  excitation  is  a 
low  frequency  response,  limited  by  the  response  time  of 
ion  channels  in  nerve  membranes  (which  is  typically  of 
the  order  of  tens  of  milliseconds).  By  contrast,  heating  is 
nearly  equal  to  the  tissue  conductivity  times  the  root- 
mean-square  current  density,  which  is  a  rather  slowly 
varying  function  of  frequency.  This  implies  that  the 
thresholds  for  membrane  excitation  will  increase  with 
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frequency,  eventually  becoming  higher  than  that  for 
thermal  effects. 

3.4.  Relation  to  standards 

The  general  picture  that  emerges  from  the  above 
discussion  is  that  the  dominant  effects  at  low 
frequencies  are  related  to  nerve  excitation  or  electrical 
bum  (depending  on  the  exact  exposure  situation). 

Because  of  the  weak  coupling  between  externa! 
fields  and  the  body  at  low  frequencies,  electrical  injuries 
from  low-frequency  fields  require  extremely  high  field 
strengths  (in  the  absence  of  direct  contact  with 
conductors).  By  far  the  most  common  injury  scenario 
involves  contact  of  the  victim  with  a  conductor  from 
which  current  is  passed  directly  into  the  body. 

By  contrast,  the  obvious  mechanism  for  injuries  at 
higher  frequencies  involves  excessive  heating  of  body 
tissues.  The  reported  injuries  from  radiofrequency  fields 
involve  bums  from  exposure  to  strong  fields  in  close 
proximity  to  high  power  transmitters,  or  bums  from 
excessive  contact  currents. 

Thus,  to  simplify  a  complicated  picture,  major 
exposure  standards  are  designed  to  avoid  membrane 
excitation  phenomena  (principally,  shocks)  and  bums  at 
low  frequencies,  and  excessive  body  heating  at  high 
frequencies.  These  effects  result  from  acute  (short¬ 
term)  exposure  and  do  not  imply  the  existence  of 
hazards  from  chronic  (long  term)  exposures  at  low 
levels.  Major  exposure  guidelines  are  explicitly  not 
designed  for  protection  against  chronic  hazards  from 
long-term  exposures,  but  focus  on  acute  hazards. 

3.5  Unresolved  issues 

Studies  of  biological  effects  of  electromagnetic  fields 
has  been  remarkably  contentious  for  several  reasons. 

First,  the  scientific  literature  on  biological  effects  of 
electromagnetic  fields  includes  many  (hundreds)  of 
reports  of  biological  effects  of  electric  or  magnetic  fields 
in  the  frequency  range  of  DC  through  microwaves,  some 
at  levels  below  present  exposure  guidelines.  These 
have  not  driven  exposure  standards,  either  because  of 
lack  of  apparent  health  significance,  lack  of  independent 
confirmation,  or  lack  of  publication  in  sufficient  detail  to 
permit  scientific  committees  to  evaluate  the  studies 
(among  other  reasons).  They  do,  however,  give  an 
impression  that  fields  have  biological  activity  even  at 
rather  low  exposure  levels. 

Second,  the  epidemiology  literature  contains  reports 
of  associations  between  adverse  health  outcomes  and 
presumed  exposure  to  electromagnetic  fields.  The  most- 
studied  issue  is  the  possible  association  between 
residential  exposure  to  power-frequency  fields  and 
childhood  cancer.  But  other  statistical  associations  have 
been  reported  between  various  cancers  and  job  titles 


that  suggest  exposure  to  electromagnetic  fields.  Some 
reported  associations  involve  very  specific  forms  of 
electrotechnology.  For  example,  scientists  have 
reported  clusters  of  cases  of  testicular  cancer  among 
police  officers  using  radar  guns  and  have  speculated  in 
medical  journals  about  testicular  cancer  from  use  of  a 
laptop  computer.  There  have  been,  in  addition,  many 
reported  associations  between  electromagnetic  fields 
and  health  problems  other  than  cancer. 

The  interpretation  of  these  studies  is  limited  in  part  by 
inadequate  (or  no)  exposure  assessment  or  other 
methodological  problems,  and  results  of  animal  studies 
have  been  mixed  but  generally  unsupportive  of  the 
existence  of  hazard.  Expert  committees  that  have 
examined  this  literature  have  uniformly  concluded  that 
no  convincing  evidence  for  hazard  has  emerged  from 
these  studies.  These  reports  have,  however,  created  a 
significant  public  issue  and  there  is  considerable 
scientific  uncertainty  in  how  to  interpret  them. 

Addressing  these  scientific  issues  is  substantially 
different  from  typical  standards  setting  activities 
undertaken  by  the  engineering  community,  and  involves 
difficult  problems  of  toxicology  and  environmental  risk 
assessment. 

4.  WHO  INTERNATIONAL  EMF  PROJECT 

WHO  established  the  International  EMF  Project  to 
provide  a  mechanism  for  resolving  the  many  and 
complex  issues  related  to  possible  health  effects  of  EMF 
exposure.  The  Project  assesses  health  and 
environmental  effects  of  exposure  to  static  and  time 
varying  electric  and  magnetic  fields  in  the  frequency 
range  0  -  300  GHz,  with  a  view  to  the  development  of 
international  guidelines  on  exposure  limits.  It 
commenced  at  WHO  in  1996  and  will  end  in  2005. 

The  EMF  Project  has  been  designed  in  a  logical 
progression  of  activities  and  outputs  to  allow  improved 
health  risk  assessments  to  be  made,  and  to  identify  any 
environmental  impacts  of  EMF  exposure.  The  Project 
objectives  are  to: 

(1)  Provide  a  co-ordinated  international  response  to  the 
concerns  about  possible  health  effects  of  exposure  to 
EMF, 

(2)  Assess  the  scientific  literature  and  make  a  status 
report  on  health  effects, 

(3)  Identify  gaps  in  knowledge  needing  further  research 
to  make  better  health  risk  assessments, 

(4)  Encourage  a  focused  research  programme  in 
conjunction  with  research  funding  agencies, 

(5)  Incorporate  the  research  results  into  WHO's 
Environmental  Health  Criteria  monographs  that  provide 
formal  health  risk  assessments  for  exposure  to  EMF, 
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(6)  Facilitate  the  development  of  an  international 
consensus  on  limits  for  EMF  exposure, 

(7)  Provide  information  on  the  management  of  EMF 
protection  programmes  for  national  and  other 
authorities,  including  monographs  on  EMF  risk 
perception,  communication  and  management,  and 

(8)  Provide  advice  to  national  authorities,  other 
institutions,  the  general  public  and  workers,  about  any 
hazards  resulting  from  EMF  exposure  and  any  needed 
mitigation  measures. 

WHO,  through  its  International  EMF  Project,  has 
recently  conducted  in-depth  international  reviews  of  the 
scientific  literature  on  the  biological  and  health  effects  of 
exposure  to  radiofrequency  (RF),  and  static  and 
extremely  low  frequency  (ELF)  fields.  These  reviews 
were  conducted  with  the  purpose  of  identifying; 

1.  health  effects  that  can  be  substantiated  from  the 
literature,  and 

2.  biological  effects  that  are  suggestive  of  possible 
health  effects,  but  require  further  research  to  determine 
if  exposure  to  electromagnetic  fields  (EMF)  at  the  low 
levels  of  exposure  normally  encountered  in  the  living 
and  working  environment  has  any  impact  on  health. 

The  results  of  these  reviews  have  been  or  are  being 
published  in  the  journal  Bioelectromaanetics.  Research 
still  needed  to  fill  these  gaps  in  knowledge  form  the 
WHO  EMF  Research  Agenda  that  is  available  on  the 
EMF  Project  home  page  (http://www.who.int/peh-emf/) 
or  from  WHO. 

Having  completed  the  initial  international  scientific 
reviews,  WHO  is  now  urging  EMF  funding  agencies 
world  wide  to  give  priority  to  this  research,  if  it  is  their 
intention  to  obtain  results  that  will  assist  both  WHO  and 
the  International  Agency  for  Research  on  Cancer  (IARC) 
to  make  better  health  risk  assessments. 

Both  WHO  and  IARC  have  already  established  a 
timetable  for  assessing  health  effects  of  EMF  fields.  In 
2001  IARC  will  conduct  a  meeting  to  formally  identify 
and  evaluate  the  evidence  for  carcinogenesis  from 
exposure  to  static  and  extremely  low  frequency  (ELF) 
fields.  IARC  will  publish  the  results  of  this  meeting  in  the 
IARC  Monograph  Series.  The  International  EMF  Project 
will  accept  the  IARC  conclusions  on  carcinogenesis  and 
incorporate  them  into  the  results  of  a  WHO  evaluation  of 
non-cancer  health  risk  assessment  of  exposure  to  static 
and  ELF  fields  in  2002.  The  results  and  conclusions  will 
be  published  in  the  Environmental  Health  Criteria  series. 
It  is  anticipated  that  sufficient  results  will  be  available  for 
IARC  to  conduct  a  similar  evaluation  of  evidence  for 
carcinogenicity  of  RF  fields  in  2003.  WHO  would  then 


complete  an  overall  health  risk  assessment  of  exposure 
to  RF  fields  in  2004. 
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Abstract 

The  tremendous  development  of  the  use  of 
electricity  in  all  kinds  of  applications  leads  to 
the  need  for  regulations  to  prevent  or  avoid 
negative  effects  on  human  health  due  to  Elec¬ 
tromagnetic  Fields.  These  regulations  concern 
the  various  aspects  of  the  problem  and  are 
issued,  by  different  bodies  in  different  forms: 
standards,  recommendations,  guidelines.  Aim 
of  this  paper  is  to  explain  the  general  structure 
of  this  standardisation  work.. 

Background 

Caused  by  the  tremendous  expansion  of  the 
use  of  electricity  in  all  aspects  of  life:  power 
applications,  telecommunications,  medical 

applications .  the  problems  raised  by  the 

influence  of  Electromagnetic  Fields  (EM  Fields) 
on  human  beings  become  more  and  more 
important.  This  field  of  interest  and  of  concern 
encompasses  a  large  number  of  activities: 

-  biological/medical  research  and  studies  in 
relevant  institutes  and  laboratories  (on  humans, 
on  animals,  on  cells  ....  for  all  kinds  of  EM 
fields) 

-the  specification  of  exposure  limits( depending 
on  the  kinds  of  EM  field  and  their  effects ) 
-epidemiological  investigations  (for  a  practical 
and  statistical  assessment  of  the  health  effects) 

-  the  development  of  measurement  equipment 
and  procedures 

-mitigation  methods  (e.g.  for  the  reduction  of 
the  field  strength) 

-legal  regulations  (e.g.  by  governmental  bodies) 

The  non  negligible  possibility  of  adverse  health 
effects  on  humans  leads  to  a  need  for 
regulations  for  the  prevention  of  these  effects. 
These  regulations  cover  two  aspects:  the 
biological/medical  aspect  with  regard  to  the 


“victims",  a  technical  aspect  a  with  regard  to  the 
“sources"  of  EM  Fields  and  their  measurement. 

Which  are  the  relevant  parameters? 

First  there  is  to  consider  different  frequency 
ranges,  depending  on  their  health  effects : 

-  low  frequency  fields  in  the  frequency  range 
0...16'2/3  ....50/60  ....Hz  produced  for  example 
by  power  lines,  railways,  industrial  equipment, 
domestic  devices,  etc, 

-  intermediate  frequency  fields  in  the  range  of 
ca  10  kHz  to  100kHz  (1  MHz)  emitted  by 
domestic  devices  or  industrial  equipment 

-  high  frequency  fields  above  (0,1)  1MHz  and 
up  to  6  GHz  or  more,  emitted  by  all  kinds  of 
radio  transmitters,  in  particular  by  cellphone 
base  stations,  the  handheld  phones,  also  by 
industrial  equipment,  etc, 

One  can  note  that  as  for  the  formal  boundary 
between  the  low  frequency  range  and  the  high 
frequency  range,  the  “  classical"  limit  of  9  kHz 
used  with  regard  to  EMC  has  been  slightly 
shifted  and  that  another  frequency  range  may 
be  defined  around  100  kHz. 

Depending  on  the  frequency  range  there  is 
further  to  make  a  difference  between  the 
different  kinds  of  fields  which  are  to  be 
analysed: 

-  in  the  low  and  intermediate  frequency  ranges 
the  electric  and  magnetic  fields  separately 

-  in  the  high  frequency  range  electromagnetic 
fields,  the  combination  of  both. 

Depending  also  on  the  frequency  range  differ¬ 
ent  biological  effects  are  observed,  whereby  in 
the  context  of  standardisation  only,  or  mainly, 
in-vivo  effects  may  be  the  subject  of  regulations 
(it  seems  inappropriate  to  develop  standards  for 
in  vitro  investigations  in  laboratories)  . 
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It  can  be  observed  [3]: 

-  in  the  low  and  intermediate  frequency  ranges 
non-thermal  effects  like  the  stimulation  of 
nerves  and  muscles,  effects  on  the  hormone 
production  (e.g.  melatonine),  possibly  carcino¬ 
genic  effects,...  (whereby  there  is  to  say  that 
adverse  effects  have  not  been  established  with 
certitude  and  have  still  to  be  studied) 

-  in  the  high  frequency  range  mostly  thermal 
effects  (clear  limitations  for  the  temperature  rise 
in  the  tissues  have  been  established) 


The  different  kinds  of  EMF  regula¬ 
tions. 

The  standardisation  organisations  define  in 
principle  three  kinds  of  regulations: 

-  “ standards ”  which  are  -  or  should  be  -  precise 
documents  and  should  be  strictly  applied 

-  “ Recommendations",  the  application  of  which 
allows  some  flexibility 

-“Guides”,  “Guidelines  ”  which  are  rather 
informative  documents  and  the  application  of 
which  is  also  less  compulsory 

It  should  be  noted  that  in  scientific  meetings  the 
term  “standard"  is  used  indistinctly  for  these 
different  kinds  of  documents  (somebody  said 
even  “loosly”)  and  it  may  be  useful,  from  the 
viewpoint  of  the  standardisation  organisations, 
to  take  care  of  a  clear  distinction  and  apply 
above  structure. 

Apart  of  the  documents  developed  by  stan¬ 
dardisation  organisations  there  is  to  consider  all 
the  legal  documents:  laws,  ordinances,  etc,... 
issued  by  governmental  or  similar  bodies.  They 
may  be  documents  developed  specially  for  this 
purpose;  they  may  be  also  documents  taken 
over  from  scientific  organisations  or 
standardisation  bodies 

The  term  “ Regulation "  can  be  understood  as  a 
generic  term  encompassing  all  above  docu¬ 
ments. 

Considering  the  whole  range  of  topics  covering 
the  field  of  Human  Exposure  to  EMF,  it  seems 
that  the  following  topics  could  be  considered 
[1]: 

-Technical  Descriptions  and  Specifications 
of  the  Electromagnetic  Environment  (in  fact 
these  documents  should  be  common  with  the 
EMC  Standards) 

-Physiological  Regulations  or  Legal  Documents 
specifying  Exposure  Limits 


-Technical  Product  Standards  related  to  the 
sources  of  EM  Fields  and  mitigation  measures 
for  the  Limitation  of  the  emissions 

-Technical  Standards  related  to  the 
Measurement  Instrumentation, 

Measurement  Procedures  and  Calculations 
of  the  EM  Fields 

-(Possibly)  Rules  for  Epidemiological 

inquiries 

-  Regulatory  Documents  (Laws,  etc,..) 

However  it  seems  difficult  to  issue  standards  for 
scientific  activities  although  this  could  useful  in 
order  to  guarantee  comparable  results.  If  this 
seems  difficult  for  particular  scientific  studies,  it 
may  be  appropriate  to  establish  some  common 
rules  for  epidemiological  enquiries  in  order  to 
get  comparable  results.. 
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Abstract 

There  is  an  increasing  worldwide  concern  about 
the  effects  of  electromagnetic  fields  (EMF)  on  the 
health  of  human  beings. 

On  12  July  1999  the  Council  of  European  Health 
Ministers  has  approved  a  European  EMF 
Recommendation,  including  limits  for  exposure  of 
the  general  public. 

The  Recommendation  leaves  it  open  to  EU 
member  states  to  define  national  legislation.  In 
some  countries  legislation  with  diverging  (notably 
more  stringent)  limits  has  come  into  operation, 
and  in  other  countries  such  legislation  is  under 
preparation.  This  tendency  has  the  threat  to 
become  a  serious  barrier  to  trade. 

On  the  other  hand  the  Recommendation  has 
accelerated  the  development  of  harmonised 
standards,  to  be  connected  to  the  European  LVD 
and  RTTE  Directives.  These  harmonised 
standards,  once  operational,  offer  a  powerful 
opportunity  to  convergence,  thus  diminishing  the 
trade  barriers. 


1  BACKGROUNDS 

In  1998  new  guidelines  [1]  have  been  issued  by 
ICNIRP,  the  International  Committee  on  Non- 
Ionizing  Radiation  Protection,  linked  to  the  World 
Health  Organisation. 

These  guidelines  are  based  on  an  extensive 
survey  of  research  results,  mainly  of  a 
biomedicine  nature.  The  guidelines  apply  to 
exposure  levels.  They  define  levels  to  which  the 
following  categories  of  individuals  can  be 
exposed: 

•  the  general  public 

•  occupational  workers. 


This  publication  focuses  on  the  general  public,  the 
area  where  the  majority  of  the  current  efforts  in 
legislation  is  carried  out. 

ICNIRP  distinguishes  2  categories  of  upper 
values: 

•  Basic  Restrictions.  Although  they  include  a 
safety  factor,  ICNIRP  considers  the  basic 
restrictions  as  upper  limits  for  exposure.  The 
Basic  Restrictions  are  expressed  in  the 
quantities  B,  J,  SAR,  and  S  ’)  as  they  occur 
in  the  human  body. 

•  Reference  Levels.  These  are  developed 
because  some  of  the  Basic  Restrictions  are 
difficult  to  measure  in  the  human  body.  The 
Reference  Levels  are  derived  from  the  Basic 
Restrictions  under  worst-case  conditions, 
such  as  maximum  coupling  of  the  exposed 
fields  into  the  human  body.  The  Reference 
Levels  are  expressed  in  E,  H,  B,  S,  lL,  with 
additional  quantities  lc  and,  for  pulsed  fields, 
SA  2). 

In  assessment  of  exposure  levels  in  a  given 
situation,  it  may  sometimes  be  practical  to  start 
with  assessment  against  the  Reference  Levels 
because  that  is  often  easier3).  Exceeding  the 
Reference  Levels  is  not  a  violence  of  the  ICNIRP 
guidelines,  it  only  means  that  an  assessment 
against  the  Basic  Restrictions  still  has  to  be  done. 


B  =  magnetic  flux  density  (T) 

J  =  current  density  (A/m2) 

SAR  =  specific  absorption  rate  (W/kg) 

S  =  power  density  (W/m2) 

2  E  =  electric  field  strength  (Vim) 

H  =  magnetic  field  strength  (A/m) 

SA  =  specific  energy  absorption  (J/kg) 

II  =  limb  current  (A) 

lc  =  contact  current  (A) 

3  Assessment  against  the  Reference  Levels  is  not  a 
necessary  step:  direct  assessment  against  Basic 
Restrictions  is  also  a  good  practice. 
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The  Basic  Restrictions  can  be  compared  to  a  red 
traffic  light:  you  are  not  allowed  to  pass  it. 


Basic  Restrictions 

The  Reference  Levels  are  to  be  compared  with  a 
sign  for  approaching  a  traffic  light:  it  means  that 
you  must  take  special  care  not  to  pass  a  red  light, 
but  you  may  pass  when  the  iight  is  green. 


Reference  Levels 


Based  on  the  1CNIRP  guidelines  The  Council  of 
Health  Ministers  of  the  European  Union  have 
issued  the  Council  Recommendation4)  "on  the 
limitation  of  exposure  of  the  general  public  to 
electromagnetic  fields  (0  Hz  to  300  GHz)"  of  12 
July  1999  [2], 

This  Recommendation  advises  the  member  states 
to  adopt  it  into  national  legislation.  Within  5  years 
the  European  Commission  will  report  about  the 
adoption.  In  addition,  it  recommends  member- 
states  and  the  European  Commission  to 
encourage  research. 

The  Recommendation  leaves  the  door  open  for 
member  states  to  develop  legislation,  which  is 
more  stringent.  If  such  legislation  is  applicable  to 
equipment,  this  will  contribute  to  trade  barriers,  as 
will  be  discussed  in  the  following  chapter. 

Another  important  statement  in  the 
Recommendation  is,  that  the  Council  invites  the 
European  Commission  to  "Work  towards  the 

establishment  of  European  standards  . , 

including  methods  of  calculation  and  measure". 
This  has  become  the  basis  of  the  Mandate  that 
the  European  Commission  has  given  to 
CENELEC  and  ETSI  for  the  development  of  such 
standards.  This  mandate  will  be  discussed  in 
chapter  3. 

A  very  positive  effect  of  the  Recommendation  is 
the  harmonising  tendency:  it  advises  the  adoption 
of  ICNIRP  limits  &  levels  in  member  states,  and  to 
take  these  into  account  in  European  standards. 


4  A  Recommendation  is  an  instrument  of  the  European 
Council  of  Ministers  to  recommend  member  states  to 
incorporate  European  policy  into  national  measures. 


On  the  other  hand,  because  a  recommendation  is 
a  non-mandatory  instrument,  it  leaves  an  opening 
for  divergence:  member  states  may  establish  their 
own  limits. 

Chapter  4  will  deal  with  a  strategy  on  how  to  let 
the  harmonising  tendency  prevail  over  the 
divergence. 


2  BARRIERS  TO  TRADE 

Various  countries  in  the  European  Union  have 
legislation  and/or  standardisation  in  place  which 
deviates  from  the  Council  Recommendation  and 
the  ICNIRP  guidelines.  In  some  cases  the 
differences  are  very  substantial.  Other  speakers 
will  highlight  a  number  of  examples.  Also  outside 
the  EU  various  regulations  are  not  consistent  with 
ICNIRP.  Sometimes  the  differences  are  rather 
arbitrary,  just  like  we  have  small  differences  in 
speed  limits  in  Europe.  In  other  cases  the 
differences  are  more  fundamental,  often  coloured 
by  the  "flavour  of  the  day"  in  the  local  politics. 
Some  countries  apply  no  limits  at  all. 

This  has  lead  to  the  current  situation  of  a  variety 
of  limits  applied,  inside  and  outside  Europe.  The 
ICNIRP  guidelines  and  the  Council  Recommen¬ 
dation  have  triggered  a  revision  of  laws  and 
standards  right  at  this  moment  in  a  number  of 
countries,  which  adds  up  a  dynamic  uncertainty 
apart  from  the  divergence. 

An  further  unclarity  is,  how  exposure  legislation 
can  be  applied  to  equipment  emission: 

•  Exposure  applies  to  the  field  values  in  which 
individuals  are  situated. 

•  Emission  values  describe  the  field  that  is 
emitted  by  equipment. 

Health  authorities  for  example  are  concerned  with 
exposure.  Equipment  manufacturers  keep  their 
products  under  emission  limits,  but  can  not 
assume  responsibility  for  exposure  of  individuals 
to  fields  emitted  by  multiple  sources. 

An  important  part  of  the  legislation  applies  to 
exposure  rather  than  emission,  and  in  most  of 
these  situations  there  is  no  litigation  yet  to  clear 
up  if  exposure  legislation  can  be  applied  to 
equipment. 

This  whole  situation  is  far  from  optimal,  not  for 
consumers  and  not  for  manufactures. 
For  consumers  there  is  a  lack  of  transparency:  it 
is  hard  to  understand  why  a  certain  product  is 
good  for  British  people  and  not  acceptable  in  Italy. 
For  manufacturers  it  leads  to  trade  barriers  and 
higher  costs. 


422 


3  HARMONISED  STANDARDS 

Fortunately  there  is  not  only  the  tendency  of 
divergence.  The  same  Council  Recommendation 
also  urges  the  European  Commission  to  work 
towards  European  standards.  It  is  only  logical  that 
these  will  be  based  on  the  Council 
Recommendation. 

Even  though  the  application  of  the  Recommen¬ 
dation  means  a  rather  stringent  regime,  most 
industries  embrace  it  because  they  prefer  a  rather 
stringent  situation  above  a  scattered  and 
uncertain  one. 

The  encouragement  to  standardisation  takes 
place  on  the  basis  of  a  European  Commission 
mandate  to  CENELEC  and  ETSI,  which  was  in  a 
state  of  finalisation  when  writing  this  paper.  The 
mandate  urges  the  standardisation  bodies  to 
develop  standards,  which  are  directly  linked  to  the 
Recommendation.  There  will  probably  three  types 
of  standards,  which  typology  is  derived  from  the 
EMC  world: 

•  Basic  standards,  defining  the  assessment 
methods. 

•  Generic  standards,  defining  the  general 
performance  criteria  and  compliance  limits. 

•  Product  standards  and  product  family 
standards,  containing  more  detailed 
performance  criteria  and  specific  assessment 
elements  for  certain  products  or  product 
families  (e.g.  GSM  phones,  domestic 
equipment  etc.). 

The  Basic  Standards  are  for  reference  only.  The 
other  two  types  are  called  "harmonised 
standards",  to  be  connected  with  European 
legislation  (as  will  be  elucidated  in  chapter  4). 

The  central  platform  for  EMF  standardisation  in 
Europe  is  CENELEC  TC  211,  "Electromagnetic 
fields  in  the  human  environment". 

This  committee  has  just  been  restructured  and 
has  now  product-oriented  working  groups  and  a 
few  horizontal  working  groups. 

This  structure  facilitates  the  development  of  the 
basic  and  generic  standards  in  the  horizontal 
WG's,  while  the  product  (family)  standards  are 
made  in  co-operation  between  the  product- 
oriented  working  groups  in  TC  211  and  product- 
oriented  Technical  Committee's  (such  as  TC  61 
for  domestic  appliances,  TC  92  for  consumer 
electronics,  but  also  ETSI  for  telecom  equipment). 
CENELEC  TC  211  has  established  a  liaison  with 
ICNIRP  in  order  to  safeguard  the  link  between  its 
guidelines,  the  standards  and  the  Council 
Recommendation. 


The  mandate  as  well  as  the  public  interest  in 
EMF  triggers  acceleration  in  the  standard 
development.  A  draft  product  standard  for  cellular 
phones  is  already  produced,  and  other  working 
groups  will  soon  reach  this  stage. 

Even  more  meaningful  than  European 
convergence  is  the  development  towards  global 
standardisation.  IEC  TC  106  has  just  been 
established  at  the  end  of  1999  with  the  provisional 
title  "Testing  Instrumentation  and  Methods  for 
Measuring  Electric  and  Magnetic  Fields  Associa¬ 
ted  with  Human  Exposure".  It  is  logical  that  an 
exchange  mechanism  between  the  relevant 
Technical  Committee’s  in  IEC  and  CENELEC  will 
soon  be  realised. 


4  HOW  STANDARDS  AFFECT 
LEGISLATION 

In  Europe  the  harmonised  standards  will  be 
connected  to  legislation,  in  casu  two  European 
Directives5): 

•  The  Low  Voltage  Directive  (LVD)  which 
covers  the  safety  of  products  with  an 
operating  voltage  between  50  and  1000 
Volts. 

•  The  Radio  Equipment  &  Telecommunications 
Terminal  Equipment  (R&TTE)  directive. 

The  harmonised  standards  will  be  listed  in  the 
Official  Journal  of  the  European  Communities. 
From  that  moment  on,  products  that  comply  with 
these  standards  will  automatically  comply  with  the 
radiation  requirements  of  these  directives.  In  this 
way  the  apparatus  emission  levels  will  in  the 
future  be  linked  to  the  Council  Recommendation. 


the  link  between  European  legislation  and 
standardisation 


5  A  Directive  is  an  instrument  of  the  European  Council 
of  Ministers  to  impose  European  policy  into  legislation 
of  the  member  states.  As  such  it  has  a  stronger 
regulatory  power  then  a  Recommendation. 
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It  may  be  expected  that  this  link  to  the  LVD  and 
the  R&TTE  directive  will  overrule  the  differences 
in  national  legislation,  if  these  block  the  free 
trading  of  goods.  Trade  barriers  will  diminish  as  a 
consequence  of  article  95  (previously  article 
100A)  of  the  European  Treaty. 


5  CONCLUSIONS 

The  current  threat  of  diverging  national  legislation 
on  EMF  can  be  converted  into  an  opportunity  for 
achieving  harmonised  standards.  These  will 
discourage  national  authorities  to  come  with 
deviating  legislation.  In  this  way  harmonised 
standards  reduce  the  danger  of  trade  barriers. 

CENELEC  TC  21 1  in  its  collaboration  with  ETSI  is 
an  appropriate  platform  for  developing  the 
standards.  A  global  convergence  can  be  achieved 
when  a  liaison  with  the  new  IEC  TC  106  is 
established. 
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Every  country  has  it  own  limits  and  procedures 
for  safety  in  electromagnetic  fields.  This  article 
shall  visualise  some  of  the  differences  between  the 
ICNRP  standard  and  the  German  regulations. 

Since  January  1,  1997,  in  the  Federal  Republic  of 
Germany  exists  a  law  for  the  protection  of  the 
public  against  electric  and  magnetic  field,  the  26. 
Verordnung  zur  Durchfdhrung  des  Bundesimmis- 
sionsschutzgesetz  (Verordnung  uber  elektro- 
magnetische  Felder  -  26.  BimSchV)  (=  26. 
ordinance  (“Electromagnetic  Fields)  to  the  German 
Emissions  Control  Act)  -  in  brief:  26.  BimSchV  [1], 
This  refers  exclusively  to  persons  of  the  private 
sector  and  not  to  industry  and  handicraft.  The  law 
was  proclaimed  by  the  German  Federal  Ministry  of 
Environment. 

The  limit  values  of  the  26.  BimSchV  refer  to  the 
IRPA/INIRP  standard  of  1988  [2],  At  the  moment, 
the  26.  BimSchV  is  revised  and  the  limit  values  of 
ICNIRP  1998  [3]  were  considered.  The  require¬ 
ments  on  the  measurement  technique  and  the 
valuation  of  the  signals  and  measurement  results 
refer  to  DIN  VDE  0848,  part  1  [4],  This  is  also  in 
revision  at  the  moment  and  will  be  published  July 
2000.  The  VDE  will  have  consequences  on  the 
European  standard  and  their  workgroup  TC  21 1 . 


To  protect  people  in  the  industry  and  handicraft, 
the  Professional  Association  Regulatory  Standard 
for  Occupational  Safety  and  Health  -  BGV  B1 1  -  is 
in  preparation.  It  should  become  legal  force  this 
year.  Therefore  the  German  Federal  Ministry  of 
Work  will  advise  the  Professional  Association 
(Social  Insurance),  to  establish  the  BGV  B11  in  the 
companies.  The  limit  values  in  the  high  frequency 
are  on  the  same  level  like  them  of  ICNIRP  1998, 
but  in  the  low  frequency,  there  are  relevant 
differences.  Concerning  the  requirements  on  the 
measurement  technique  and  the  valuation  of  the 
signals  and  measurement  results,  the  BGV  B11 
refers  partly  to  DIN  VDE  0848,  part  1.  The  BGV 
811  has  no  influence  on  branches,  like  for  exam¬ 
ple  the  military. 


Figure  2)  Legislation  in  Germany,  Occupational 


The  Professional  Associations  take  the  insurance 
cover  for  work  accidents  and  are  an  obligatory 
insurance  for  all  companies.  If  the  employer  can 
prove  that  he  fulfilled  all  duties  that  the  Profes¬ 
sional  Association  imposed  on  him,  the  Profes¬ 
sional  Association  assumes  all  payments  for  inju¬ 
ries.  If  not,  the  Professional  Association  can  make 
the  company  liable  for  compensation. 


Figure  1)  Legislation  in  Germany,  General  Public 
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Figure  3)  Role  of  “Berufsgenossenschaft" 


Figure  4  shows  the  difference  for  the  RF  between 
the  BGV  B11  and  ICNIRP.  Over  30  MHz,  both 
standards  have  the  same  limit  values.  The  two 
standards  differ  only  at  frequencies  below  30  MHz 
where  ICNIRP  shows  partly  significantly  lower  limit 
values. 

BGV  B11  Area  1  concerns  to  safety  at  workplace. 
The  BGV  B11  Area  2  concerns  persons  at  work¬ 
places,  e.g.  secretaries,  who  are  not  directly 
engaged  in  production  lines.  The  Area  2  limit 
values  agree  with  the  26.  BlmSchV,  the  limit 
values  for  the  general  public. 


In  the  low  frequency,  this  trend  of  drastically  lower 
limit  values  for  the  ICNIRP  standard  continues. 
The  26.  BlmSchV  has  specified  only  two  fre¬ 
quencies  in  the  low  frequency:  16  2/3  Hz,  the 
frequency  of  the  German  railways  and  50  Hz.  The 
values  are  taken  from  the  limit  values  of  ICNIRP 
“General  public”. 


Figure  5)  Comparison  ELF  Limits 


Another  -  and  very  important  -  difference  between 
ICNIRP  and  BGV  B11  is  the  definition  of  the  30  % 
law.  The  30  %  law  says  that  all  frequencies  that 
are  less  than  30  %  of  the  highest  carrier,  have  not 
to  be  considered.  The  BGV  B11  makes  one  step 
more  and  uses  the  30  %  law  for  the  limit  value 
only  after  standardisation.  That  means  the  other 
spectral  lines  are  normalised  on  the  standard,  what 
can  signify  a  distinctly  raise.  After  this,  it  is 
checked  if  they  are  still  under  30  %.  So  it  may  be 
that  the  signals  correspond  to  ICNIRP,  but  are 
over  the  limit  values  of  the  BGV  B1 1 . 


Figure  6)  The  30%  Law 
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Abstract 

A  great  activity  takes  place  presently  world-wide 
regarding  Human  Exposure  to  Electromagnetic 
Fields  and  one  of  the  current  tasks  is  to  specify 
regulations  for  the  protection  oh  humans  against 
possible  adverse  health  effects  caused  by  these 
fields.  The  term  “ regulation "  is  to  be  understood 
in  a  general  manner  and  encompasses  stan¬ 
dards,  recommendations  or  guidance  documents. 
They  are  issued  by  official  bodies  or  relevant 
scientific  organisations.  Aim  of  the  paper  is  to 
give  an  overview  on  this  activity:  who,  what,  how, 
...?  It  will  also  give  a  summary  of  the  some 
relevant  international  or  national  regulations  .It 
should  be  noted  that  this  activity  has  common 
aspects  with  EMC  and  it  may  be  useful  for  EMC 
experts  to  be  informed  of  the  work  on  EMF  and 
vice-versa. 


1.  Who?  Which  Organisations  develop 
EMF  Regulations 

The  term  “Regulations”  is,  in  the  context  of  this 
paper,  a  generic  term  for  documents  dealing  with 
the  limitation  of  Human  Exposure  to  EMF  and  the 
protection  against  adverse  health  effects.  It 
encompasses  standards,  recommendations, 
guidelines,  the  application  of  which  may  be  either 
mandatory  or  voluntary  (see  definitions  in 
Annex  2) 

1.1.  The  “world-wide  “organisation  of  the  stan¬ 
dardisation  work  on  EMF  is  quite  complicated 
(and  diversified)  From  a  general  view  point  there 
is  to  make  a  difference  between  scientifically 
oriented  organisations  -  which  develop  biologi¬ 
cal/medical  standards-  and  technically  oriented 
organisations  which  develop  measurement  and 
similar  standards.  The  most  important  organisa¬ 
tions  may  be  the  following: 


•  World-wide  Scientific  Organisations  like 

-  WHO  (World  Health  Organisation)  ICNIRP 
(International  Commission  for  Non-Ionising 
Radiation  Protection) 

-  These  two  organisations  have  a  clear 
separation  of  responsibilities  which  are 
complementary: 

WHO  is  responsible  for  scientific  studies  (e.g. 
The  International  EMF  Project) 

ICNIRP  is  responsible  for  the  specification  of 
the  exposure  limits  (e.g.  the  ICNIRP  Guideline) 

•  World-wide  Technical  Standardisation 
Organisations  like 

-  IEC  ( International  Electrotechnical 
Commission), 

-  ITU  (International  Telecommunication  Union) 

-  IEEE  ( for  the  USA  but  also  for  other  countries) 
which  develop  mostly  technical  standards  but 
also  recommendations  or  guidelines 

•  Political  Organisations  e.g. 

-  the  Commission  of  the  EUROPEAN  UNION 
which  issues  general  Directives  for  the 
Member  Countries  of  the  EU 

•  Regional  Technical  Organisations  e.g. 

-  CENELEC  (Comite  Europeen  de 
Normalisation  Eiectrotechnique) 

-  ETSI  (European  Telecommunication 
Standardisation  Institute)  in  charge  of  the 
implementation  of  the  EU  directives. 

•  Governmental,  in  some  countries  Regional  or 
even  Municipal,  Authorities 
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•  Electrotechnical  Organisations  like 

-  VDE,  SEV,  BS,  ANSI,  etc,  which  issue 
National  Regulations 

•  Industrial  Organisations  e.g. 

-  ARIB  in  Japan,)  Association  of  Radio 
Industries  and  Business)  for  their  specific 
apparatus  and  systems 

All  these  bodies  develop  documents  which  may 
be  standards,  recommendations  or  guides  ( how¬ 
ever  their  titles  do  not  always  correspond  to  the 
formal  definitions). 

1 .2.  IEC,  the  world-wide  Electrotechnical  Stan¬ 
dardisation  organisation,  has  decided  only 
recently  to  deal  with  the  problems  of  Human 
Exposure  to  EMF.  Because  of  the  subject  of 
Electromagnetic  Fields  has  some  common  points 
with  EMC,  the  work  started  in  a  “Task  Force 
EMF"  of  ACEC,  which  suggested  the  creation  of 
a  new  Technical  Committee  and  prepared  a  pro¬ 
posal  for  the  programme  of  work  of  this 
committee  (see  Annex  1). 

It  is  the  general  opinion  that  IEC  shall  not  deal 
with  biological/medical  issues  which  should 
remain  in  the  responsibility  of  relevant  bodies  : 
research  institutes  or  organisations  like  WHO  or 
ICNIRP.  IEC  shall  deal  only  with  technical 
matters  like  measurement  techniques  or  the 
evaluation  of  EM  fields  sources. 

In  September  1999,  the  Committee  of  Action  of 
IEC  decided  to  set  up  a  TC  106  with  the  provi¬ 
sional  title  “  Testing  Instrumentation  and  Methods 
for  measuring  Electric  and  Magnetic  Fields  Asso¬ 
ciated  with  Human  Exposure".  This  title  and  ac¬ 
cordingly  the  scope  of  the  TC  is  somewhat  re¬ 
strictive  compared  to  the  ACEC  proposal  and 
may  be  revised.  Liaison  with  TC  77  -  “Electro¬ 
magnetic  Compatibility"  -  and  CISPR  -“  Protec¬ 
tion  of  the  Radio  services”-  would  be  appropriate 
(see  Annex  1) 

1.3  For  European  experts  and  those  who  have  a 
close  relationship  with  the  European  Union  it  is 
useful  to  be  informed  of  the  particular  organisa¬ 
tion  in  this  body: 

-  the  EU  issues  Directives  or  Recommendations 
which  specify  genera!  requirements.The  Council 
of  the  EC  has  recently  circulated  a  “Recommen¬ 
dation  of  12  July  1999  on  the  limitation  of  expo¬ 
sure  of  the  General  Public  to  Electromagnetic 
Fields  (0  Hz  to  300  GHz)”  [3]  [5] 

-  the  task  to  develop  the  necessary  regulations  is 
allocated  to  the  standardisation  bodies  of  the  EU, 
in  our  case  CENELEC  or  ETSI 

-  however  it  happens  that  the  Directorates  of  the 
Commission  set  up  special  Working  Parties  to 
deal  with  specific  problems,  e.g.  Cost  244  for  the 
study  of  the  biological  effects  (Directorate  V)  or 


CEPHOS  for  the  problems  related  to  cellular 
phones  (Directorate  XIII) 

CENELEC  has  set  up  a  TC  211  which  original 
task  was  to  specify  exposure  limits  and  meas¬ 
urement  methods.  However  the  responsibility  for 
specifying  exposure  limits  has  passed  from 
CENELEC  to  the  Commission  itself  and  the  task 
ofTC211  has  been  changed  in  that  sense  that 
the  committee  should  deal  now  only  with  techni¬ 
cal  issues.  In  fact  the  scope  of  TC  21 1  is  quite 
similar  to  the  scope  of  IEC  TCI  06  and  a  close 
co-ordination  between  the  two  committees  would 
be  very  appropriate. 


2.  What?  The  topics  of  the  EMF 
Regulations 

It  is  assumed  that  the  relevant  factors  are  well 
known:  E-fields,  H-fields,  SAR,  contact  current,... 

From  a  general  view  point  three  kinds  of  regula¬ 
tions  should  be  considered  in  the  context  of  EMF 
protection: 

-  genera!  biological/medical  standards, 

-  general  technical  standards 

-  national  protection  regulations 

2.1 .  General  Biological/  medical  standards 

A  tremendous  number  of  studies  are  carried  out 
about  the  EMF  effects  which  should  lead  to  pro¬ 
tection  regulations.  However  the  present  state  of 
knowledge  is  such  that  if  a  wide  amount  of  partial 
results  on  specific  subjects  is  available  but  that 
there  is  still  an  incomplete  overall  view  on  gen¬ 
eral  problems.  For  example,  adverse  effects  on 
humans  seem  well  recognised  for  short  term 
exposure  and  immediate  health  consequences 
but  long  term  effects  have  not  yet  been  scientifi¬ 
cally  clearly  established.  In  order  to  respond  to 
this  need  WHO  has  started  an  “International  EMF 
Project  “  which  aim  is”  to  assess  the  scientific 
literature  and  reports  on  health  effects  ....and 
provide  a  co-ordinated  international  response  to 
concerns  about  possible  health  effects  of  expo¬ 
sure  to  EMF”  It  should  be  noted  that  the  resulting 
document  will  be  a  scientific  report,  not  a  stan¬ 
dard. [15] 

Two  general  documents  are  important  for  the 
specification  of  exposure  limits 

-  the  ICNIRP  Guidelines,  which  becomes  nowa¬ 
days  a  world-wide  reference  [1]  [2] ..  see  Fig.  1 

-  the  EU  Recommendation,  which  is  relevant  for 
the  EU  countries  [3]  (note  that  this  document  is  a 
Recommendation,  not  a  Directive  so  that  its 
application  is  in  principle  not  mandatory) 
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Figure  1 :  Reference  levels  for  exposure  to  magnetic  fields  according  ICNIRP  Guidelines 


A  future  standard  could  be  useful  establishing 
common  rules  for  epidemiological  enquiries  in 
order  to  allow  a  systematic  comparison  of  the 
results. 

The  specification  of  Exposure  Limits  is  a  specific 
biological/medical  problem  and  therefore  not  in 
the  province  of  IEC  or  now  of  CENELEC 

2.2.  General  Technical  standards 

Only  very  few  international  technical  standards 
exist  for  the  time  being  and  the  work  is  starting  in 
IEC  (or  CENELEC).  The  main  standardisation 
subjects  could  be  the  following: 

-  description  and  specification  of  the  EM  environ¬ 
ment  (which  fields,  magnitude,  frequency  of 
occurrence,...) 

-  measurement  instrumentation  and  procedures 

(LF,  HF,  SAR . ) 

-  field  distribution  around  the  field  sources  (LF 
fields  from  Power  Lines,  Industrial  equipment, 
domestic  devices,  etc,  or  HF  fields  originating 
from  all  kinds  of  Radio  Transmitters,  Mobile 
Telephones,  industrial  equipment,.. .( practically 
“product"  related  documents) 

-  emission  limits  for  individual  sources  (and 
summation  rules) 

-  mitigation  measures  when  necessary  (and  pos¬ 
sible) 

-  calculation  methods  (for  theoretical  assess¬ 
ments  and  for  the  cases  where  measurement  are 
not  possible) 


It  should  be  remembered  that  the  field  to  which  a 
person  is  exposed  may  be  emitted  by  a  single 
source  or  resulting  from  the  superposition  of 
several  sources.  In  order  that  the  resulting  field 
does  not  exceed  the  exposure  limit  it  is  neces¬ 
sary  to  specify  emission  limits  for  the  individual 
sources. 

A  programme  of  work  proposed  for  IEC  is  given 
in  Annex  2.  CENELEC  has  practically  the  same 
programme 

2.3.  National  Regulations 

National  Regulations  are  issued  by  the  national 
Regulatory  Authorities  for  the  practical  imple¬ 
mentation  of  the  protection  of  their  citizens. 
Possibly  for  lack  of  international  recognised  stan¬ 
dards,  they  are  quite  different  from  one  country  to 
the  other .  Table  1  summarises  the  main  features 
of  several  relevant  ones  and  leads  to  some  gen¬ 
eral  comments: [6]  [7]  [8]  [9] 

a)  practically  there  are  three  aspects  to 
consider: 

.  exposure  limits 

.  emission  limits  for  individual  emitters 
.  measurement  or  calculation  methods 

b) exposure  limits  refer  often  to  the  ICNIRP 
Guidelines  but  also  to  other  values 

c)  the  regulations  do  not  always  specify  emission 
limits 

d)  an  important  principle  is  the  “Principle  of 
Precaution”  to  take  into  consideration  the  not  yet 
established  conclusive  effects:  unknown  effects, 
long  term  effects,. ..Regulatory  authorities  wants 
to  be  very  cautious!  This  is  particularly  the  case 
in  Switzerland  and  Italy 
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Country 

Main  features 

Germany 

Exposure  limits  refer  to  ICNIRP 

Emission  limits: 

30  %  rule:  fields  less  than  30%  of  the  limit  are  not  considered 

In  the  power  frequency  range  only  two  frequencies  are  considered:  50  and  16  2/3Hz 

Japan 

No  intention  to  apply  the  ICNIRP  limits 

No  limitation  regulation  for  power  frequency  fields 

Limitations  in  the  range  10  kHz  to  300  GHz  in  term  of  V/m  and  A/m  and  SAR 

Poland 

Limits  in  terms  of  kV/m  ,A/m  and  Power  density  W/m2 

Zone  concept:  safe,  intermediate,  hasardous,  dangerous  zones 

Switzerland 

Principle  of  precaution 

Places  of  sensitive  use 

Exposure  limits:  ICNIRP  field  limits  (SAR  limits  not  yet) 

Emission  limits:  severe  safety  factor  in  order  to  take  into  consideration  long  term 
effects  and  the  superposition  of  several  fields 

Table  1:  Some  particular  features  of  national  EMF  regulations 


Annex  1  A  programme  of  work  for  IEC  and 
CENELEC 

The  EMF  Task  Force  of  IEC/ACEC  has  identified 
a  number  of  tasks  which  could  serve  to  establish 
the  programme  of  work  for  the  next  future..  This 
proposal  makes  a  difference  between  “Horizontal 
standards”  for  general  use  and  “Vertical  stan¬ 
dards"  related  to  specific  sources  and  fields. 

A. -  Horizontal  standards 

1 .  Measurement  of  LF  magnetic  and  electric 
fields  with  regard  Human  Exposure 

2.  Measurement  of  HF  electromagnetic  fields 
with  regard  Human  Exposure 

3.  Calculation  methods  for  low  frequency 
induced  currents 

4.  Calculation  methods  for  high  frequency  fields 

B.  Vertical  standards  or  Technical  Specifications 

B.  1  Low  and  intermediate  frequency  range 

1.  Domestic  Equipment 

2.  Power  lines  -  Public  Exposure 

3.  Power  lines -workers 

4.  Industrial  power  equipment(heating) 


5.  Small  and  medium  sized  industrial  equipment 

6.  Railways 


B.2.  High  Frequency  range 

7.  Hand-held  and  body  mounted  wireless 
communication  devices 

8.  Base  stations  for  cellular  phone 

9.  Antitheft  devices 

10.  Smart  cards  readers 

11.  Broadcast  emitters 

12.  Radars 

B.3.  Low  and  high  frequency  range 

13.  Active  medical  implants 


CENELEC  TC  21 1  has  established  a  programme 
of  work  which  is  very  similar  to  above  proposal 
and  of  course  a  close  co-ordination  between  the 
two  bodies  would  be  very  appropriate. 

Some  of  the  problems  are  also  subjects  of  work 
in  other  organisations  but  to  our  knowledge  such 
a  consistent  programme  does  not  exist ,  the 
items  are  considered  case  by  case. 
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Annex  2  The  different  types  of  (  EMF) 
Regulations 

It  appears  that  there  is  some  confusion  about  the 
meaning  of  the  words  “  standard",  “recommenda¬ 
tion”, 

“guide/guidelines”,  particularly  among  people  not 
working  in  standardisation  bodies.  It  seems 
useful  to  remind  how  they  are  understood  and 
applied  in  such  bodies  like  IEC,  ISO,  CENELEC, 
etc  ,...lt  should  be  noted  that  they  have  generally 
a  different  legal  status. 

“Standards”:  This  term  is  used  in  the  standardisa¬ 
tion  work  for  documents  which  specify  as  exactly 
as  possible  their  field  of  application,  their  rules  of 
application,  etc,...  and  in  this  sense  they  have  a 
mandatory  character.  In  above  organisations  they 
are  generally  written  in  a  strict  and  short  style 
without  detailed  justifications  or  explanations. 

“Recommendations”:  This  term  is  used  for  docu¬ 
ments  with  the  same  technical  character  as  stan¬ 
dards  but  their  application  may  be  not  so  strict 
and  allow  some  flexibility. 

“Guides/Guidelines”:  These  are  rather  general 
technical  or  scientific  documents,  with  a  more 
tutorial  and  informative  character . 

The  term  “Regulations”  is  used  in  this  paper  as  a 
generic  term  which  encompasses  these  three 
kinds  of  documents.  In  IEC  Recommendations 
and  Guidelines  are  called  “Technical  Specifica¬ 
tions”  (in  CENELEC  European  Specifications) 

It  would  be  appropriate  if  the  same  terminology 
would  be  used  outside  the  standardisation 
organisations  in  order  to  avoid  confusions. 

It  should  be  noted  that  American  standards  are 
generally  written  in  a  much  broader  style  than  the 
European  ones  .with  detailed  comments  and 
justifications 
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The  safety  regulations  in  Japan  are  separated 
into  ordinances  of  various  ministries.  The  limitation 
of  human  exposure  to  EM  fields  has  been  mainly 
studied  by  MITI  and  MPT  in  relation  with  regulation. 
At  present  MPT  sets  a  guideline  for  human 
protection  against  radio  wave  applications.  The 
association  of  Radio  Industries  and  Businesses 
(ARIB)  has  introduced  a  standard  to  follow  this 
guideline  voluntarily. 

1.  INTRODUCTION 

The  health  effects  of  exposure  to  the  electro¬ 
magnetic  fields  (EMF)  has  been  much  concerned 
by  publics  in  relation  with  the  construction  of  UHV 
transmission  lines,  spread  of  utilization  of  mobile 
phones  and  the  development  of  the  magnetically 
levitated  transportation  system  in  our  country. 
Though  the  Environment  Agency  represents  our 
country  for  WHO/EMF  project  and  the  Ministry  of 
Welfare  administers  public  health,  the  problem  of 
the  exposure  to  EMF  has  been  discussed  mainly 
in  relation  with  safety  of  products  and  installations, 
and  studied  for  regulation  by  the  Ministry  of  Post 
and  Telecommunication  (MPT)  in  high  frequency 
area,  as  well  as  the  Ministry  of  International  Trade 
and  Industry  (MITI)  in  low  frequency  area. 

In  academic  institutes  the  problem  has  been 
also  investigated  with  many  specialists  and  the 
field  measurements  have  been  carried  out  [1],[2], 
The  industries  of  electronics  manufacturers, 
telecommunication  systems  and  power  utilities, 
have  had  much  concern  on  the  matter  and 
performed  experimental  researches  in  their  own 
facilities.  Those  results  have  been  taken  into 


account  in  the  discussion  related  to  the  regulation 
of  exposure  to  EMF  in  ministries. 

2.  REGULATION  IN  HIGH  FREQUENCY  EMF 

The  emission  level  of  the  high  frequency  EMF  is 
regulated  both  for  products  safety  and  for  safety 
related  to  telecommunication  systems.  In  the 
former  case,  the  leakage  EMF  from  micro-  wave 
ovens  only  is  controlled  in  the  Electrical  Appliance 
and  Material  Control  Law  of  MITI.  In  the  latter  case, 
MPT  sets  a  protective  guideline.  Industries  for 
telecommunication  equipments  has  introduced  a 
standard  to  comply  with  it  and  made  their  products 
follow  it  voluntarily.  The  manufacturer  association 
of  personal  computers  and  related  materials, 
Japan  Electronic  Industry  Development 
Association  (JEIDA)  has  introduced  a  voluntary 
control  for  the  computer  display  to  suppress  EMF 
emission  to  the  level  required  by  MPR-II  regulation 
of  Sweden. 

2.1 .  Regulation  for  appliances 

The  safety  of  appliances  and  materials  like  wires 
used  in  our  home  is  regulated  with  the  Electrical 
Appliance  and  Material  Control  Law  of  MITI.  In 
relation  with  health  effect  of  exposure  to  EMF  from 
appliances,  the  leakage  EMF  from  the  microwave 
oven  is  only  limited  for  safety  in  the  law.  The 
details  on  the  limiting  value  are  given  in  a 
ministerial  ordinance  as: 

leakage  EMF  power  less  than  1mW/cm2 
at  5cm  from  the  surface  of  the  equipment 
under  operation  with  the  door  closed, 
leakage  EMF  power  less  than  5mW/cm2 
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at  5cm  from  the  surface  of  the  equipment 
just  before  the  moment  when  its  door  is 
opened  and  it  is  automatically  switched 
off. 

The  above-stated  conditions  are  satisfied 
after  100,000  times  of  operation. 

2.2  Protective  guideline  of  TTC/MPT 

The  telecommunication  technology  council  of 
the  ministry  of  post  and  telecommunication 
(TTC/MPT)  submitted  a  guideline,  “  protective 
guideline  for  human  exposure  in  the  application  of 
the  electromagnetic  wave”,  (protective  guideline  of 
radio  wave)  to  MPT  in  1990.  It  was  based  on  the 
ANSI  standard  of  1982  and  covered  the  frequency 
range  of  10kHz  -  300GHz.  The  Research  and 
Development  Center  for  Radio  Systems  (the 
present  Association  of  Radio  industries  and 
Businesses  ARIB)  established  a  standard, 
“Standard  for  Protection  against  Radio  wave” 
(RCR  STD-38)  following  the  guideline. 
Manufacturers  and  operators  of  the  tele¬ 
communication  system  have  fulfilled  this  standard 
voluntarily. 

With  the  spread  of  mobile  phones  and 
community  broadcasts  with  FM,  public  concern 
has  been  increased  on  installations  related  to 
them.  MPT  requested  to  the  council  to  consider 
the  situation  and  reexamine  the  guideline. 
TTC/MPT  reported  a  recommendation  on  human 
protection  in  applications  of  radio  wave  in  1 997  as: 

(1)  The  allowable  limits  of  the  electromagnetic 
field  strength  in  the  1990  guideline  are  still 
appropriate. 

(2)  The  regulation  of  the  EMF  should  be 
introduced  first  into  the  area,  where  the 
measurement  and  assessment  methods  have 
been  established  enough.  The  subjects  of  the 
safety  regulation  related  to  public  health 
should  be  limited  to  radio  wave  applications 
utilized  in  the  neighborhood  of  human  bodies 
such  as  mobile  phones  for  the  time  being. 

On  this  basis  the  guideline  was  revised  partly. 

The  guideline  classifies  the  environment  into  two 
categories  as: 

(1)  controlled  environment  as  working  places 
where  the  radio  wave  is  utilized  with 
consideration  on  the  guideline. 

(2)  General  environments  other  than  (1)  as  our 
home. 

The  allowable  limit  of  EMF  is  shown  in  Table  1. 
The  guideline  for  the  local  absorption  of  the  radio 
wave  from  equipment  used  in  the  proximity  of  the 
human  body  as  mobile  phones,  is  given  on  the 


limit  of  the  specific  absorption  ratio  (SAR)  and  the 
contact  current  as  Table  2.  However,  the 
equipment  with  the  rated  output  less  than  7W  is 
assumed  to  comply  with  this  guideline  with  the 
distance  of  7cm  to  the  human  body  and  exempted 
from  the  application  of  the  guideline.  ARIB  has 
established  a  standard  to  assess  SAR  for  cellular 
phone,  “Specific  Absorption  Rate  (SAR) 
Estimation  for  Cellular  Phone”  (ARIB  STD-T56). 
The  manufacturers  and  operators  of  portable 
cellular  phones  and  terminals  are  expected  to  use 
this  standard  voluntarily,  in  order  to  comply  with 
the  SAR  guideline. 

2.3  Radio  wave  law  of  MPT 

The  progress  of  the  telecommunication 
technology  and  the  spread  of  its  applications  have 
aroused  more  concern  on  the  public  health 
problem.  With  the  advise  of  the  Radio  wave 
Control  Council,  MPT  decided  to  implement  the 
protective  guideline  of  radio  wave  into  its 
regulation,  in  order  to  promote  the  utilization  of 
radio  wave  smoothly  for  the  establishment  of 
info-telecom  society  in  future  and  revised 
enforcement  regulations  of  the  radio  wave  law  in 
1998.  The  operator  of  a  radio  station  is  obligated 
to  take  measures  to  prevent  general  publics  to 
enter  the  area,  where  the  strength  of  the  radio 
wave  generated  from  the  installation  is  over  the 
limit  specified  with  the  guideline.  Such  stations  as  : 
the  station  with  the  average  antenna 
output  power  less  than  20mW 
mobile  stations 

temporary  stations  for  emergency  use 
3. REGULATION  IN  LOW  FREQUENCY  EMF 

The  human  exposure  to  the  low  frequency  EMF 
has  been  concerned  mainly  in  relation  with  the 
high  voltage  transmission  lines  and  installations  of 
the  electric  power  utilities.  The  electric  utility 
industry  law  of  MITI  regulates  installations  and 
equipment  utilized  in  electric  power  utilities  for  the 
safety  problems  of  publics.  If  EMF  generated  by 
them  gives  serious  influence  on  human  health,  it 
should  be  controlled  in  this  law.  The  low  frequency 
EMF  is  also  produced  with  home  appliances  and 
electric  wiring  in  house.  The  Electrical  appliance 
and  Material  Control  Law  of  MITI  covers  the 
problems  of  human  safety  on  them. 

3.1  Regulation  of  electric  field 
The  high  voltage  transmission  line  generates 
electric  field  on  the  ground  surface.  If  a  person 
stands  under  the  line,  this  field  induces  a  potential 
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difference  between  its  head  and  feet.  To  avoid 
the  phenomenon  to  be  perceived  by  the  person, 
the  electric  field  is  limited  to  be  less  than  3kV/m  at 
the  height  of  1m  from  the  ground  surface  under 
the  line  in  the  electric  utility  industry  law.  The 
installation  should  be  built  to  comply  with  this  limit. 
However,  this  limit  is  not  applied  to  the  installation 
built  at  the  location  where  general  public  is  not 
influenced. 

3.2  Exposure  to  magnetic  field 

The  health  effect  of  the  low  frequency  magnetic 
field  has  been  investigated  in  MITI  in  relation  with 
its  regulation.  MITI  set  up  a  study  committee  on 
the  health  effect  of  EMF  with  specialists  of  basic 
medical  science,  physiology,  pathology,  bio¬ 
electronics  and  electrical  engineering  in  1993.  On 
the  basis  of  analysis  over  scientific  publications 
related  to  biological  effects  of  the  low  frequency 
magnetic  field  and  epidemiological  studies,  as  well 
as  the  investigation  of  the  level  of  low  frequency 
magnetic  field  in  the  residential  environment,  it 
concluded  that  it  could  not  find  clear  evidence  of 
injurious  influences  on  human  health  due  to  the 
line  frequency  magnetic  field  in  the  residential 
environment  at  the  moment,  and  the  magnetic  field 
strength  in  the  residential  environment  was  low 
enough  in  comparison  with  the  protective  level 
shown  in  WHO  environmental  health  criteria  and 
so  on. 

Simultaneously,  it  recommended  to  carry  out 
long  term  research  with  the  support  of  the  ministry 
on  the  subject  like: 

Detailed  investigation  on  the  sources  of 
magnetic  field  and  the  state  of  human 
exposure  to  them. 

Collection  and  analysis  of  scientific 
results  of  researches  inside  and  outside 
of  the  country  related  to  the  subject. 
Experimental  studies  of  biological  effects 
of  the  magnetic  field. 

A  research  program  covering  these  objectives  has 
been  running  with  the  support  of  the  agency  for 
energy  and  resource  of  MITI. 

Under  these  situations,  no  regulation  on  the  low 
frequency  magnetic  field  exists. 

4.  HARMONIZATION  WITH  INTERNATIONAL 
STANDARDS 

Under  globalization  of  industrial  activities,  our 
government  has  introduced  deregulation  for  the 
commercial  activities  and  products.  It  has  also 
followed  to  WTO/TBT  agreement  and  been  trying 


to  harmonize  the  laws  and  national  standards  with 
international  ones. 

Then  safety  regulations  as  the  Product  Safety 
Law  are  modified  into  the  functional  ones.  The 
requirements  for  products  and  installations  to 
comply  with  the  specified  value  for  their  functions, 
are  transferred  into  standards  or  enforcement 
regulations,  which  are  referred  in  the  law. 

Most  of  the  Japan  Industry  Standard  (JIS)  have 
been  harmonized  with  international  standards. 
Other  technical  standards  referred  in  the  enforce¬ 
ment  regulations  are  also  being  harmonized.  The 
introduction  of  the  mutual  recognition  agreement 
for  the  compliance  tests  of  products  accelerates  it 
in  future. 

Therefore,  if  the  international  standard  would  be 
established  for  the  allowable  limits  of  EMF  in  the 
industrial  and  residential  environment,  it  would  be 
taken  into  the  regulations  of  our  society.  For  the 
time  being,  there  exists  no  positive  activity  in  our 
government  to  introduce  ICNIRP  guideline  into  the 
safety  regulation  of  products  and  installations. 

5.  CONCLUSION 

The  technical  standardization  has  not  been 
developed  enough  for  the  area  of  EMC  and  EMF. 
Only  a  limited  number  of  phenomena  are  taken 
into  regulations.  They  are  mainly  controlled  with 
guidelines  of  ministries.  The  manufacturers  and 
operators  follow  them  voluntary  and  the  safety 
requirements  are  satisfied  practically. 

At  present  the  regulation  of  EMF  in  relation  with 
the  health  problem,  including  those  voluntary 
approaches,  is  limited  to  the  high  frequency  field 
and  a  few  applications  in  our  country.  Fast 
development  of  such  regulation  is  not  foreseen  in 
other  field.  In  general,  it  is  considered  to  discuss 
deliberately  with  established  scientific  facts. 

Another  problem  related  to  the  regulation  for 
EMF  is  the  divided  responsibility  for  administration 
between  a  number  of  ministries.  Though  no 
positive  studies  on  the  health  effects  of  EMF  from 
the  points  of  regulation  ministries  other  than  MITI 
and  MPT,  it  should  look  very  complicated  from 
outside  of  the  country.  From  January  1st  of  2001, 
the  ministries  will  be  reorganized  and  combined 
into  smaller  number  than  at  present.  It  will  make 
the  safety  regulation  in  Japan  including  the 
exposure  limit  to  EMF  more  transparent  and  easier 
to  be  understood.  However,  this  situation  makes 
the  decision  related  to  the  subjects  to  be 
discussed  pending. 
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Table.1  Guideline  for  Electromagnetic  Field  Strength 

(Protective  Guideline  of  Radio  Wave  of  MPT) 


General  Environment  (Ex.  Residential) 

Controlled  Environment  (Ex.  Office) 

Frequency 

Electric 

Field 

Strength 

(V/m) 

Magnetic 

Field 

Strength 

(A/m) 

Power 

Density 

(mW/cm2) 

Electric 

Field 

Strength 

(V/m) 

Magnetic 

Field 

Strength 

(A/m) 

Power 

Density 

(mW/cm2) 

10 -30kHz 

275 

72.8 

- 

614 

163 

- 

30kHz -3  MHz 

275 

72.8-0.728 

- 

614 

163-1.63 

- 

3-30MHZ 

275-27.5 

0.728-0.0728 

- 

614-61.4 

1.63-0.163 

- 

30- 300MHz 

27.5 

0.0728 

0.2 

61 .4 

0.163 

1 

300MHZ-1 ,5GHz 

27.5-61.4 

0.0728-0.163 

0.2-1 

61.4-137 

0.163-0.365 

1-5 

1.5 -300GHz 

61.4 

0.163 

1 

137 

0.365 

5 

The  numerical  value  means  the  average  value  over  6  minutes. 


Table.  2  Guideline  for  Local  Absorption  Ratio  of  Radio  Wave 

(Protective  Guideline  of  Radio  Wave  of  MPT) 


General  Environment 

Controlled  Environment 

Specific  Absorption  Ratio 
Average  over  the  Whole  Body 

0.08W/kg 

0.4W/kg 

Specific  Absorption  Ratio 

Local  Level 

2W/kg 

4W/kg  (the  limbs) 
per  1 0g  of  arbitral  tissue 

1 0W/kg 

20W/kg  (the  limbs) 
per  1 0g  of  arbitral  tissue 

Contact  Current 

45mA 

(No  measure  is  equipped  against 
hazard  of  direct  contact  of  the 
body.  Frequency  range  between 
lOOkHz-IOOMhz) 

100mA 

(No  measure  is  equipped  against 
hazard  of  direct  contact  of  the 
body.  Frequency  range  between 
lOOkHz-IOOMHz) 

This  guideline  is  applied  to  small  radio  communication  devices,  which  are  used  in  the  proximity  of  a  body  and 
operate  in  the  frequency  range  of  100kHz  -  3GHz.  The  numerical  value  means  the  average  value  over  6 
minutes. 
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Abstract  -  This  article  presents  a  short  review 
of  legal  regulations  concerning  the  protection  of 
the  human  health,  and  the  environment  against 
electromagnetic  field  (EMF)  in  Poland.  The  chara¬ 
cteristics  and  specifics  of  the  Polish  regulations  are 
presented,  with  regard  to  separate  standards  and 
ordinances  for  the  labour  environment,  managed 
by  the  Minister  of  Health,  and  separate  standards 
and  ordinances  for  the  general  population,  created 
by  Parliamentary  Acts,  and  the  ordinances  issued 
by  the  Minister  of  Environmental  Protection. 

1.  REVIEW  OF  THE  POLISH  REGULATIONS 

Polish  regulations  on  protection  against  EMF 
(non-ionising  radiation)  have  a  long  tradition.  The 
oldest  of  the  regulations  still  in  force,  goes  back  to 
1972.  It  is  the  ordinance  of  the  Government,  from 
May  1972,  on  health  and  safety  at  work  with 
equipment  generating  microwave  EMF  [I]*’.  These 
are  the  administrative  regulations.  Generally,  EMF 
regulations  fall  into  two  categories: 

*  concerning  the  safety  at  work, 

■  concerning  the  protection  of  general 
population. 

In  the  first  category,  there  are  three  regula¬ 
tions: 

a)  the  above  mentioned  ordinance  [1]  for 
EMF  with  frequencies  above  300  MHz, 

b)  the  joint  Ordinance  of  the  Minister  of  La¬ 
bour  and  the  Minister  of  Health  from  Fe¬ 
bruary  1977,  on  health  and  safety  at 
work  with  equipment  generating  EMF  in 


Full  official  headings  of  the  ordinances,  exact  dates  of 
issuing,  place  of  publication,  and  full  names  of  the  relevant 
Ministries  are  given  in  the  References. 


the  frequency  range  0.1  MHz  to 
300  MHz  [2], 

c)  the  Ordinance  of  the  Minister  of  Labour 
from  December  1989,  on  the  greatest 
permissible  strength  and  concentration 
of  agents  harmful  to  health  in  the  labour 
environment  [3], 

The  newest  regulations  now  in  force  is  the 
Ordinance  of  the  Minister  of  Environmental  Pro¬ 
tection  from  August,  1998  on 

a)  the  detailed  rules  of  protection  against 
radiation  harmful  to  people  and  the  envi¬ 
ronment, 

b)  the  permissible  levels  of  radiation  in  the 
environment, 

c)  the  requirements  for  inspection  meas¬ 
urements  of  radiation. 

All  the  regulations  [1],  [2],  [3]  on  labour 
protection,  are  based  on  the  principle  that  limits 
are  set  to  the  time  of  exposure  to  EMF.  The  time 
limits  and  rules  of  exposure  to  EMF  have  been 
estimated  in  dependence  of  EMF  frequency,  and 
such  parameters,  as  strength  of  the  magnetic 
component,  strength  of  the  electric  component, 
the  power  density,  and  on  the  field’s  type,  i.e.: 
whether  it  is  stationary  or  non-stationary. 
According  to  the  ordinance  [1]  on  protection 
against  EMF  of  frequencies  from  300  MHz  to 
300  GHz,  for  areas  in  the  vicinity  of  the  equipment 
emitting  EMF,  three  types  of  protection  zones 
have  been  established: 

-  intermediate, 

-  hazardous, 

-  dangerous. 
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The  rules  and  time  limits  for  worker's  exposure 
in  these  zones  are  diversified. 

In  stationary  fields,  the  limit  values  for 
particular  zones,  are  as  follows: 

•  in  areas  outside  the  zones  (defined  in  [1]  as 
„safe”)  the  maximum  value  of  energy  flux 
density  must  not  exceed  0.1  W/m2; 

•  for  intermediate  zone,  the  limit  values  of  ener¬ 
gy  flux  density  are:  minimum  0.1  W/m2,  and 
maximum  2  W/m2 

•  for  hazardous  zone,  the  limit  values  of  energy 
flux  density  are:  minimum  2  W/m2,  and  maxi¬ 
mum  100  W/m2 ; 

•  in  dangerous  zone  the  value  of  energy  flux 
density  exceeds  1 00  W/m2. 

In  non-stationary  fields,  the  limit  values  for 
particular  zones  are  as  follows: 

•  in  areas  outside  the  zones  (defined  in  [1]  as 
„safe")  the  maximum  value  of  energy  flux  den¬ 
sity  must  not  exceed  0.1  W/m.2; 

•  for  intermediate  zone,  the  limit  values  of  ene¬ 
rgy  flux  density  are:  minimum  1  W/m2,  and 
maximum  10  W/m2 

•  for  hazardous  zone,  the  limit  values  of  energy 
flux  density  are:  minimum  10  W/m2,  and  ma¬ 
ximum  1 00  W/m2 ; 

•  in  dangerous  zone  the  value  of  energy  flux 
density  exceeds  100  W/m2. 

The  definition  of  non-stationary  fields  has  been 
given  in  ordinance  of  the  Minister  of  Health  [5], 
Non-stationary  fields  are  the  ones  generated  by 
the  equipment  with  mobile  antennas  or  antenna 
beams,  where  their  irradiation  frequentness  is 
greater  than  0,02  Hz,  and  the  coefficient  C  is  less 
than  0,1 


where: 

to  -  time  of  occurrence  for  EMF  with  power  density 
P0  equal  to  or  greater  than  0,5  Pmax  during 
one  cycle  of  the  antenna  beam  movement, 

T  -  duration  of  one  cycle  of  the  antenna  beam 
movement. 

Only  workers  who,  as  a  result  of  medical 
examination,  have  no  contraindications  against 
EMF  exposure  are  allowed  to  stay  in  the  protection 
zones,  i.e.  in  the  areas  where  EMF  may  occur  of 
frequency  over  300  MHz,  and  of  energy  flux 
density  over  0,1  W/m2.  It  is  worth  mentioning  that 
regulation  [1]  does  not  specify  what  should  be 
considered  as  a  contraindication  against  EMF 
exposure. 

In  the  zones  defined  as  “intermediate",  wor¬ 
kers  operating  the  equipment  are  allowed  to  stay 


for  the  whole  working  day,  8  hours  on  the  average. 
In  the  “hazardous  zones",  workers  operating  the 
equipment  are  allowed  to  stay  for  shortened  period 
of  time.  The  shortening  of  the  exposure  time 
depends  on  the  average  energy  flux  density.  Rules 
for  calculating  the  permissible  exposure  time  in 
the  hazardous  zone  have  been  specified  in  the 
ordinance  of  the  Minister  of  Health  from  1972  [5]. 
The  permissible  time  is  to  be  calculated  due  to  the 
following  formulas: 

•  for  a  stationary  field 


where 

t  -  working  time  in  hours 
p  -  average  density  of  energy  flux  in  W/m2 
•  for  a  non-stationary  field 


where 

t  -  working  time  in  hours 
p  -  average  density  of  energy  flux  in  W/m2 

In  hazardous  zone,  i.e.  in  the  zone  in  which 
the  density  value  of  energy  flux  density  for  the 
fields  with  frequencies  over  300  MHz  is  greater 
than  100  W/m2,  exposure  of  workers  not  equipped 
with  means  of  personal  protection  is  forbidden. 
The  delimitation  of  protection  zones  is  determined 
by  measurements. 

Ordinance  [2]  deals  with  the  labour  protection 
in  the  fields  with  frequencies  between  0,1  MHz 
and  300  MHz.  For  this  frequency  range,  likewise 
in  ordinance  [1],  intermediary,  hazardous  and 
dangerous  zones  exist.  The  frequency  range 
extending  from  0,1  MHz  to  300  MHz  has  been 
divided  into  two  sub-ranges:  from  0,1  MHz  to 
10  MHz,  and  from  10  MHz  to  300  MHz. 

For  the  sub-range  0,1  MHz  to  10  MHz,  the 
following  limit  values  have  been  set: 

•  in  the  areas  beyond  the  zones,  (defined  as 
„safe”)  the  maximum  strength  value  of  electric 
field  must  not  exceed  20V/m,  and  that  of 
magnetic  field  2  A/m; 

•  for  intermediary  zone,  limit  values  of  electric 
field  strength  are  over  20  V/m  up  to  70  V/m, 
and  of  magnetic  field  over  2  A/m  up  to 
10  A/m. 

•  for  hazardous  zone,  limit  values  of  electric 
field  strength  are  over  70  V/m  up  to  1000  V/m, 
and  of  magnetic  field  over  10  A/m  up  to 
250  A/m. 

•  in  dangerous  zone,  electric  field  strength  is 
greater  than  1000  V/m,  and  magnetic  field 
strength  is  greater  than  250  A/m. 
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For  the  sub-range  10  MHz  to  300  MHz,  the 
following  limit  values  have  been  set 

•  in  areas  beyond  the  zones  (defined  as  „safe”) 
the  maximum  value  of  electric  field  strength 
must  not  exceed  7  V/m; 

•  for  intermediate  zone,  limit  values  of  electric 
field  strength  are  over  7  V/m  up  to  20  V/m. 

•  for  hazardous  zone,  limit  values  of  electric 
field  strength  are  over  20  V/m  up  to  300  V/m. 

•  in  dangerous  zone,  strength  of  electric  field  is 
greater  than  300  V/m. 

In  order  to  calculate  the  permissible  time  for 
workers’  exposure  in  a  hazardous  zone,  likewise  in 
the  above  description,  for  the  frequency  range 
0,1  MHz  to  300  MHz,  the  following  formulas  are 
used: 

•  for  fields  in  the  frequency  sub-range  0,1  MHz 
to  10  MHz: 


for  magnetic  field, 

Td  =  560/E 
for  electric  field; 

•  for  fields  in  the  frequency  sub-range  10  MHz 
to  300  MHz 


Td  = 


560 

~E 


(5) 


where 

Td  -  permissible  time  in  hours, 

H  -  average  strength  of  magnetic  field  in  A/m 
E  -  average  strength  of  electric  field  in  V/m. 


L  = 


3200 

E2 


(6) 


•  Safe  zone  in  which  presence  of  workers  is 
permitted  without  time  limits 
Dangerous  zone  is  defined  as  an  area  in  which 
the  strength  of  a  static  magnetic  field  exceeds 
80  kA/m  (which  corresponds  to  magnetic  induction 
of  about  100  mT),  and  the  strength  of  a  magnetic 
field  with  the  industrial  frequency  50  Hz  exceeds 
4  kA/m  (approx.  5  mT).  Should  exposure  concern 
only  limbs  (from  feet  up  to  knees,  and  from  palms 
up  to  elbows)  the  limits  of  dangerous  zone,  as 
quoted  in  paragraph  2,  are  to  be  enlarged  5  times. 

Hazardous  zone  is  defined  as  an  area,  in 
which  the  field  strength  H  (induction  B)  is  within 
limits: 

8  kA/m  (approx.  10  mT)  <  H(B)  <  80  kA/m 
(approx.  100  mT)  for  static  magnetic  fields, 
and 

0.4  kA/m  (approx.  0.5  mT)  <  H(B)  <  4  kA/m 
(approx.  5  mT)  for  magnetic  fields  with  the 
industrial  frequency  50  Hz. 

Permissible  exposure  to  magnetic  fields  in  this 
zone  is  determined  by  the  value  calculated  from 
the  following  expression 

D  =H2t(b)  (7) 

where  H  -the  strength  of  the  magnetic  filed  to 
which  a  worker  is  exposed  over  a  period  t  of  time, 
while  t(b)  <  8h. 

In  a  hazardous  zone  the  value  of  the  expres¬ 
sion  must  not  exceed: 

-  512  (kA/m)2h  for  static  magnetic  fields, 

- 1.28  (kA/m)2h  for  magnetic  fields  with  the  mains 
frequency  50  Hz. 

Should  exposure  in  a  hazardous  zone  concern 
only  limbs  (from  feet  up  to  knees,  and  from  palms 
to  elbows)  the  respective  values  in  the  expression 
are  to  be  enlarged  25  times. 

Safety  zone  is  an  area  where  the  strength  of  a 
static  magnetic  field  is  less  than 


The  conditions  of  protection  of  work  in  the 
static  fields,  in  the  fields  with  frequency  50  Hz,  and 
in  the  frequency  range  from  1  kHz  to  1 00  kHz, 
have  been  determined  in  Ordinance  of  the  Minister 
of  Work  issued  in  1989  [3],  For  EMF  with 
frequencies  greater  than  0,1  MHz,  hazardous  and 
dangerous  zones  have  been  specified.  Unlike  the 
ordinances  [1]  and  [2],  the  ordinance  [3]  does  not 
introduce  the  intermediary  zone. 

In  the  vicinity  of  sources  of  static  magnetic 
fields,  and  of  the  industrial  frequency  50  Hz,  three 
zones  of  field  influence  are  differentiated 

•  Dangerous  zone  in  which  presence  of  workers 
is  forbidden 

•  Hazardous  zone  in  which  permissible  time  for 
workers’  exposure  depends  on  the  field 
strength 


8  kA/m  (approx.  10  mT), 

and  the  strength  of  a  magnetic  field  with  the 
industrial  frequency  50Hz,  does  not  exceed 

0,4  kA/m  (approx.  0,5  mT). 

For  EMF  in  the  frequency  range  between 
1  kHz  and  100  kHz,  the  24  hours  exposure  of  the 
workers  is  limited,  where  one  differentiates 
between  the  occurrence  of  the  fields  with  large, 
medium  or  small  impedance,  in  the  workplace. 

For  EMF  of  large  impedance,  the  electric  field 
strength  should  not  exceed  Ed  =  1000  V/m  in  a 
workplace.  In  the  fields  of  smaller  strength  the 
total  dose  (DrE)  of  the  workers’  exposure  to  electric 
field  should  not  exceed  the  permissible  dose  of 
DdE  =  80000  (V/m)2,  according  to  which  a  worker  is 
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allowed  to  stay  in  the  electric  field  of  the  strength 
of  100  V/m  for  eight  hours. 

For  EMF  of  small  impedance,  the  magnetic 
field  strength  in  a  workplace  should  not  exceed 
H  =  100  A/m.  In  weaker  fields,  the  total  dose  (DrH) 
should  not  exceed  permissible  value  of 
DdH  =  800  (A/m)2h,  according  to  which  a  worker  is 
allowed  to  stay  in  magnetic  field  of  the  strength  of 
10  A/m  for  eight  hours. 

For  the  EMF  of  medium  impedance,  the 
strength  of  electric  field  (E)  and  magnetic  field  (H) 
in  a  workplace,  should  not  exceed  values,  for 
which 

E/Ed  +  H/Hd  <  1  (8) 

In  weaker  fields,  exposure  ratio/kEH  should  not 
exceed  one.  The  following  relation  should  be 
fulfilled: 

kEH  =  DrE  /  DdE  +  DrH/DdH  ^  1  9) 

In  the  vicinity  of  field  sources,  the  range  of 
dangerous  zone  (E>  1000  V/m,  H>  100  A/m),  and 
hazardous  zone  (E  >100  V/m  and  H  >  10  A/m) 
should  be  delimited  and  marked. 

Beside  the  described  above  legal  regulations, 
many  technical  standards  have  been  elaborated 
and  published  in  Poland.  They  concern  definitions, 
methods  of  EMF  measurements,  and  the  methods 
of  designating  the  protection  zones.  The 
standards,  however,  do  not  specify  the  permissible 
levels  of  EMF,  and  therefore  they  have  been 
omitted  here. 

The  fundamental  regulation  relevant  to  the 
protection  of  the  population,  i.e.  people  exposed  to 
EMF  outside  their  working  place,  is  the  ordinance 
of  the  Minister  of  the  Environmental  Protection 
from  August  1 998  [4]  on 

■  the  detailed  rules  on  protection  against 
radiation,  harmful  to  people,  and  to  the 
environment, 

*  the  levels  of  radiation,  permissible  in  the 
environment, 

■  the  requirements  for  inspection  measurements 
of  radiation  [4], 

The  ordinance  [4]  gives  definitions  of  the 
following  dimensions: 

■  the  permissible  levels  of  non-ionising  EMF 
radiation  that  might  occur  in  the  environment, 

■  the  detailed  rules  for  protection  of  people  and 
the  environment  against  electromagnetic  non¬ 
ionising  radiation  in  the  form  of 

•  static  electric  and  magnetic  fields, 

•  electric  and  magnetic  fields  of  industrial 
frequency  50  Hz,  emitted  by  stations  and 
power  lines, 

•  EMF  in  the  frequency  range  from  1  kHz  to 
300000  MHz,  emitted  in  particular  by  ra¬ 


diocommunication,  radionavigation,  and 
radar  equipment. 

This  ordinance  also  specifies  the  requirements 
for  the  inspection  measurements  of  non-ionising 
electromagnetic  radiation. 

In  Poland,  in  residential  areas,  and  in  the 
areas  where  there  are  located,  in  particular,  hospi¬ 
tals,  creches,  kindergartens,  and  boarding  schools, 
the  electric  component  of  electromagnetic  non¬ 
ionising  radiation  of  50  Hz,  must  not  exceed 
1  kV/m.  The  permissible  levels  of  non-ionising 
radiation,  specified  in  the  ordinance,  do  not  apply 
to  the  places  not  accessible  to  the  public. 
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Table  1.  Permissible  levels  of  non-ionising 


electromagnetic  radiation  characterised  by 
limit  values  of  physical  quantities 

Notes: 

Limit  values  of  physical  quantities  characterising 
permissible  levels  of  radiation  refer  to: 

a)  RMS  value  of  electric  and  magnetic  field 
strength  of  50  Hz,  and  in  the  range  from 
0.001  MHz  to  300  MHz, 

b)  Average  power  density  values  of 
electromagnetic  field  strength  in  the  range 
from  300  MHz  to  300000  MHz. 

The  quoted  above  permissible  levels  of  EMF 
that  may  occur  in  the  environment,  defined  in  the 
Appendix  to  the  ordinance  [4]  refer  to  24-hours 
exposure  of  people. 

2.  CONCLUSIONS 

Limits  (standards)  for  influence  of  fields,  now 
in  force  in  Poland  have  been  settled  in  a  way 
diverging  from  the  ones  accepted  in  recommen¬ 
dations  of  the  international  organisations  dealing 
with  protection  against  radiation,  for  example,  in 
the  recommendations  of  ICNIRP  -  International 
Commission  on  Non-Ionising  Radiation  Protection, 
in  the  CENELEC  prestandards  of  50166  series,  or 
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finally  in  the  last  year  recommendations  of  the  EC 
(European  Council). 

In  Poland,  like  in  other  countries,  location  of 
objects  emitting  EMF  is  often  controversial.  The 
controversy  is  based  on  almost  universal  common 
belief  that  the  influence  of  exposure  to  non¬ 
ionising  radiation  in  the  environment  is  harmful.. 
One  of  the  obvious  reasons  for  such  an  atmos¬ 
phere  is  the  substantial  difficulty  in  communicating 
to  the  public  the  specialised,  professional 
information  in  a  simple  and  comprehensible  way. 
The  technical  criteria  for  location  of  objects,  in 
particular  the  radiocommunication  ones,  are  enti¬ 
rely  above  understanding  of  a  person  who  is  not 
provided  with  adequate  knowledge. 

The  lack  of  sufficient  knowledge  amongst 
population,  about  the  principles  of  operation  of 
objects  emitting  EMF,  the  rules  of  field  pattern 
determination  in  the  vicinity  of  such  objects,  and 
rules  for  setting  the  permissible,  ensuring  the 
harmlessness  to  people  field  strength  levels  as 
well  as  administrative  procedures  -  are  just  few 
among  other  reasons  of  conflicts  lively  reflected  in 
the  media.  The  lack  of  the  common  acceptance  of 
location,  of  the  EMF  emitting  objects,  is  broadly 
believed  to  be  the  proof  of  their  harmful  impact. 

The  scenario  of  conflicts  on  EMF  emitting 
objects  in  Poland,  does  not  much  differ  from  the 
course  of  similar  conflicts  in  other  countries. 

The  golden  rule  of  any  action  undertaken  in 
relation  to  this  problem  should  be:  spreading  and 
popularising  information  on  the  nature  of  non¬ 
ionising  radiation,  on  EMF,  and  on  the  results  of 
competent  scientific  research  in  this  area. 

The  works  currently  carried  on  in  Poland, 
aimed  at  amendments  of  the  Polish  regulations 
are  concentrated  on: 

■  unification  of  definitions  used, 

«  decrease  the  number  of  legal  acts  in  force. 

Taking  into  account  the  mentioned  above 
social  conditions,  as  well  as  the  fact  that  the  on¬ 
going  world  wide  discussion  on  the  effects  of  EMF 
exposure  is  far  from  its  end,  the  set  of  permissible 
levels  of  field  strength,  accepted  many  years  ago, 
should  not  be  soon  expected  to  change. 

3.  REFERENCES 

[1]  Ordinance  of  the  Government  dated  May  25th, 
1972  on  health  and  safety  at  work  with 
equipment  generating  EMF  in  the  microwave 
range  (Journal  of  Laws,  No  21,  item  153). 

[2]  Ordinance  of  the  Ministers  of  Work,  Pay  and 
Social  Affairs  and  the  Minister  of  Health  and 
Social  Welfare  dated  February  19th,  1977  on 
health  and  safety  at  work  with  equipment 
generating  EMF  in  the  frequency  range  from 
0.1  MHz  to  300  MHz  (Journal  of  Laws,  No  8, 
item  33) 


[3]  Ordinance  of  the  Minister  of  Work  and  Social 
Policy  dated  December  1st,  1989  on  the 
greatest  permissible  strength  and  concentra¬ 
tion  of  agents  harmful  to  health  in  work 
environment  (unified/body  text,  Journal  of 
Laws,  No  69,  dated  1995,  item  351,  with  later 
changes) 

[4]  Ordinance  of  the  Minister  of  the  Environ¬ 
mental  Protection  Natural  Resources  and 
Forestry  dated  August  11th,  1998,  on  the 
detailed  rules  on  protection  against  radiation 
harmful  to  people,  and  the  environment, 
permissible  levels  of  radiation  which  may 
occur  in  the  environment  as  well  as  the 
requirements  for  the  inspection  measurements 
of  radiation  (Journal  of  Laws  No  107,  item 
676). 

[5]  Order  of  the  Minister  of  Health  and  Social 
Welfare  dated  August  9th,  1972,  on  defining 
the  electromagnetic  fields  in  the  microwave 
range  and  permissible  exposure  time  in  a 
hazardous  zone  (Journal  of  the  Department  of 
the  Ministry  of  Health  and  Social  Welfare  No 
17, 

BIOGRAPHICAL  NOTES 

Marek  Katuski  received  the  M.Sc.  degree  in 
electronics  engineering  from  Technical  University, 
Wroclaw  in  1970.  He  is  a  Researcher  of  EMC 
Group  of  National  Telecommunication  Institute, 
Wroclaw  Branch.  His  experience  includes  a  wide 
range  of  government  and  commercial  client 
consultations  in  Poland,  in  the  region  of  antenna 
measurements.  His  main  research  interests 
comprise  the  EMC  problems  and  numerical 
modeling  of  the  near  EM  field  distribution  for 
antennas  and  radiation  devices. 

Marta  Macher  received  the  M.Sc.  degree  in 
physics  from  Institute  of  Mathematics,  Physics  and 
Chemistry,  Wroclaw  University,  in  1973.  She  is 
employed  in  the  Working  Group  on  human 
environment  protection  against  EM  fields  in  the 
National  Telecommunication  Institute,  Wroclaw 
Branch.  Her  interests  comprise  the  numerical 
modeling  of  the  near  EM  field  distribution  for 
antennas  and  radiation  devices. 

Stefan  Rozycki  received  the  M.Sc.  degree  in 
electric  engineering  from  the  Warsaw  Technical 
University  in  1980.  He  is  resercher  in  Environ¬ 
mental  Impact  Laboratory  in  Institute  of  Power 
Engineering  in  Warsaw.  At  the  part  time  he  is  a 
consultant  in  the  Ministry  of  Environment  in  the 
matters  of  electromagnetic  radiation  protection. 
Also  he  has  experience  with  experimental  tests  in 
area  of  the  electric  pulse  influence  to  the  living  cell 
membrane. 


EMC  2000 


INTERNATIONAL  WROCLAW  SYMPOSIUM 
ON  ELECTROMAGNETIC  COMPATIBILITY 


Presentation  of  CISPR/H  activities 

Alain  Azoulay1  and  Bernard  Despres2 
1  TDF/  Technical  Center.  Saint  Quentin  en  Yvelines .  France 
2France  Telecom  Research  and  Development  -  DMR/URF  -  Issy  les  Moulineaux .  France 


1. Introduction 

In  1998,  the  international  special  Committee  on  radio 
interference  (CISPR)  decided  during  its  Frankfurt, 
Germany  meeting  to  establish  a  new  sub  committee 
designated  as  CISPR/H.  This  subcommittee  was 
created  because  of  the  considerable  evolution  of  the 
radio  services  particularly  in  the  bands  above  860 
MHz. 

The  ITU-R,  in  its  new  organization  and  according  to 
the  international  pressure  to  allocate  new  frequency 
bands  for  a  number  of  new  services  (cellular  radio, 
digital  audio,  fast  internet  radio  access,  wireless  local 
loop,  new  satellite  services  etc.),  has  induced  the  need 
for  CISPR  to  study  the  impact  of  radio  disturbances  on 
these  new  services. 

This  paper,  presented  on  behalf  of  the  CISPR/H 
Chairman,  describes  the  terms  of  references  and  the 
latest  activities  of  the  newly  formed  CISPR/H 
subcommittee. 

CISPR/H  has  various  activities,  among  them  a 
coordination  activity  between  all  the  partners  (industry, 
regulators,  operators...)  in  order  to  establish  limits  and 
guidelines  on  radio  services  protection. 

This  paper  gives  the  methodology  used  by  CISPR/H  to 
achieve  all  its  tasks  in  the  future  and  what  it  lias 
already  proposed  to  do. 

2.  Scope  of  CISPR/H 

The  CISPR  General  Assembly,  when  establishing 
CISPR/H,  defined  its  terms  of  reference.  They  have 
been  slightly  amended  at  the  subsequent  CISPR/H 
meetings,  to  now  read  : 

a)  To  develop  and  maintain  generic  emission 
standards. 


e)  To  maintain  an  archive  of  reasons  provided  by 
CISPR  product  committees  in  justification  of 
product  limits  that  exceed  generic  limits. 

f)  To  establish  limits  of  radio  disturbances  above  1 
GHz  for  the  generic  emission  standards. 


CISPR/H  task  covers  assistance  to  all  other  CISPR  sub 
committees  to  guide  them  on  the  evolution  of  radio 
services  not  only  because  of  the  reassignation  of  new 
frequency  bands  but  to  take  into  account  new 
modulation  and  access  schemes  to  assess  the 
interfering  potential  to  these  new  services.  Digital  radio 
has  drastically  changed  the  world  of 
radiocommunications  and  the  definition  of  radio 
interference,  as  with  digital  technique,  the  degradation 
of  quality  is  more  sudden  and  more  complete  than  with 
analog  communications  for  which  the  interference  is 
mainly  progressive  when  the  interfering  level  increases 
for  a  given  usable  received  level. 

Additionally,  liaison  with  ITU-R  is  very  important  and 
will  be  included  in  tire  tasks  of  CISPR  H,  especially  in 
order  to  get  access  to  the  relevant  information  on  the 
characteristics  of  the  new  radio  systems  to  protect  (for 
example,  IMT  2000) 

3.  Organization  of  the  CISPR  H  work 

The  tasks  related  to  CISPR/H  have  been  listed  and  it 
has  been  identified  which  tasks  will  be  covered  by 
CISPR/H  alone,  which  tasks  should  be  dealt  with  by 
CISPR/H  in  co-operation  with  other  sub-committees, 
and  which  tasks  should  be  covered  solely  by  the  other 
CISPR  sub-committees. 

Table  1  shows  the  general  ideas  which  have  been 
agreed  in  principle  for  the  CISPR/H  responsibilities 
with  regard  to  the  other  CISPR  subcommittees 


b)  To  develop  a  rationale  for  the  setting  of 
emission  limits  for  the  protection  of  radio 
communications  while  taking  the  interest  of 
CISPR  product  committees  into  consideration. 

c)  To  make  a  survey  of  EMC  product  standards  on 
emission. 

d)  To  develop  and  maintain  a  database  on  the 
characteristics  of  radio  systems  to  be  protected. 
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Exclusive 

CISPR/H 

responsibilities 

CISPR/H 
and  others 

CISPR/A 

responsibilities 

Product 

subcommittees 

responsibilities 

Radio  services 
database 

Other 

factors 

Measurement 
methods  under 
lab.  conditions 

Limits  for 

specific 

products. 

CISPR/H  is  the 

horizontal 

committee  for 

generic 

emission 

standards. 

Objective 
numbers  and 
calculations. 
“Worst  case” 
limits  when 
reception  is 
reduced  to  a 
minimum 
acceptable 
service  in 
accordance  with 
specifications  for 
particular  radio 
services 

Factors  e.g. 
economics  - 
probability  - 
characterist! 
cs  of 

interference 

sources 

Measurement 
bandwidth  - 
antennas  -  test 
sites  -  detectors 
etc. 

Specific 
measurement 
set-up  and 
adaptation  of 
limits  to  specific 
products 

Table  1  -  CISPR  H  responsibilities  versus  other  C1SPR 
sub-committees 


For  practical  reasons,  CISPR/H  will  establish  only  one 
working  group  (WG  1)  and  will  assign  all  tasks  to  this 
WG.  The  working  group  will  in  its  turn  establish  some 
lifetime-limited  Project  teams  (PTs)  which  will  deal 
with  the  accepted  New  Work  Item  Proposals  (NWIP, 
see  below).  The  Working  group  would  collect  the 
results  of  PTs  and  build  final  documents  according  to 
the  CISPR/H  requests. 

To  summarise,  WG1  shall  be  responsible  for: 

-  the  management  of  project  teams 

-  the  maintenance  of  the  two  IEC  generic  emission 
standards 

According  to  the  new  IEC  rules,  subsequent 
amendments  to  existing  standards  that  do  not  extend 
their  scope  are  part  of  the  normal  maintenance  activity 
of  the  Sub-Committee  and  do  not  require  the 
approbation  of  New  Work  Item  Proposals  (NWIP) 
before  the  work  can  start.  In  the  case  of  CISPR/H,  the 
work  to  amend  the  two  existing  IEC  generic  emission 
standard  will  take  place  under  tliis  maintenance  regime. 

For  new  areas  of  activities  or  new  standards,  a  NWIP 
needs  first  to  be  submitted  to  the  IEC  National 
Committees  (NCs)  for  Voting  and  it’s  only  if  the 
majority  of  the  NCs  agree  to  it  and  at  least  five 
countries  intend  to  participate  actively  in  the  work  that 
the  corresponding  deliverables  can  be  prepared. 

In  the  case  of  CISPR/H,  four  NWIPs  have  been 
submitted  in  October  1999. 

NP  1:  To  develop  a  database  on  the  characteristics  of 
radio  services  to  be  protected,  with  an  initial  priority  on 
the  frequency  range  above  1  GHz. 

NP  2:  To  develop  a  rationale  for  the  setting  of 
emission  limits  for  the  protection  of  radio  services, 


with  an  initial  priority  on  the  frequency  range  above  1 
GHz. 

NP  3:  make  a  survey  of  EMC  product  standards  on 
emission 

NP  4:  maintain  an  archive  of  reasons  provided  by 
CISPR  product  committees  in  justification  of  product 
limits  that  exceed  generic  limits. 

The  voting  results  distributed  in  February  2000  showed 
a  positive  result  for  all  these  four  new  proposals,  so  the 
work  will  effectively  start  at  the  next  CISPR/H  meeting 
on  June  7  and  8,  2000  in  St  Petersburg. 

4.  Generic  emission  standards 

A  new  concept  among  the  CISPR,  generic  emission 
standards,  appeared  after  the  CENELEC  and  ETSI 
development  of  such  standards  at  the  European  level. 
The  need  of  such  standards  has  appeared  for  the 
equipment  tliat  are  not  fully  covered  by  the  present 
CISPR  emission  standards  which  are  listed  in  appendix 
(table  2). 

A  generic  standard  is  the  «  default »  standard  when  no 
product  specific  standard  exists.  IEC/CISPR  has 
developed  two  generic  emission  standards  and  the 
relevant  one  to  be  used  depends  on  the  environment  in 
which  the  equipment  is  intended  to  be  used  (residential, 
commercial  and  light-industrial  or  industrial).  Generic 
emissions  standards  also  constitute  guidance 
documents  for  the  preparation  of  EMC  product 
standards  as  they  provide  the  appropriate  emission 
limits  for  a  product  not  to  produce  undue  disturbances 
in  a  given  environment. 

In  1996, before  CISPR/H  was  established,  a  first 
work  has  been  carried  out  by  IEC/CISPR  and  two 
IEC  standards  have  been  published.  The  first  one 
is  the  IEC/CISPR  61000-6-3:  1996  with  the 
following  title.  Generic  Emission  Standard  for 
residential,  commercial  and  light-industrial 
environment  The  present  content  of  IEC  61000-6- 
3  includes  for  the  enclosure,  application  of  the 
CISPR  22  Class  B  radiated  limits  and  for  the  AC 
mains  port  the  application  of  the  IEC  61000-3-2  & 
-3  for  low  frequencies  and  the  application  of 
CISPR  22  Class  B  conducted  limits  and  the 
CISPR  14  click  noise  limits. 

The  second  standard  is  the  IEC/CISPR  61000-6- 
4:  1996  which  title  is  Generic  Emission  Standard 
for  Industrial  environment. 

The  present  content  of  IEC  61000-6-4  includes  for  the 
enclosure  the  application  of  CISPR  22  Class  A 
radiated  limits,  for  the  AC  mains  port  the  application  of 
CISPR  22  Class  A.  These  standards  are  supposed  to  be 
fully  revised  by  CISPR/H  in  the  future. 

In  particular,  one  of  the  major  development  for  the 
future  will  be  to  extend  the  present  radiated  limits  to 
frequencies  above  1  GHz  to  cover  all  the  new  radio 
services  operating  in  tliis  range. 

Another  possible  development  is  to  add  radiated  limits 
below  30  MHz.  Presently,  there  is  no  radiated 
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measurement  or  limit  below  30  MHz  with  one  possible 
exception  (ISM  Class  1  Group  B) 

Is  there  some  needs  in  this  area  ?  Is  the  present 
situation  satisfactory  or  not  ? 


5.  Conclusion 

This  paper  is  an  introduction  of  the  CISPR  H  tasks  and 
organization.  CISPR  H  establishment  is  fully  justified 
if  we  take  into  account  tire  fast  evolution  of  the  RF 
technology  and  radio  services  to  protect. 

It  is  now  necessary  that  CISPR  introduces  a  new  vision 
of  the  protection  of  radio  services.  Digital  radio 
services,  multimedia  application  and  integration  of 
services  in  general  make  very  difficult  to  maintain  the 
organization  of  subcommittees  and  the  emission 
standards  only  by  product  categories. 

The  CISPR/H  will  be  the  link  between  the  radio 
services  spectrum  management  and  protection  (tlirough 
the  ITU-R)  and  the  other  CISPR  subcommittees;  it  will 
be  a  hard  task  to  identify  the  protection  ratio  of  all 
these  new  radioservices,  particularly  versus  the  type  of 
interference  generated  by  non  radio  devices  and  define 
objective  acceptable  limits  to  avoid  as  far  as  possible 
interference.  The  new  techniques  in  digital  radio  like 
TDMA  or  frequency  hopping  make  quite  difficult  the 
identification  of  an  interference  or  a  channel  blank. 

So,  definition  of  the  criteria  for  deriving  limits,  and 
harmonization  of  limits  in  the  future  will  be  a  hard  task 
that  CISPR  H  will  surely  have  to  face.  We  definitely 
hope  that  CISPR  H  will  succeed  in  all  the  missions 
which  have  been  allocated  to  this  new  subcommittee. 
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6.  Appendix:  List  of  emission  product 
standards  established  by  CISPR _ 


CISPR 

Standard 

Number 

Title 

CISPR  11 

Limits  and  methods  of  measurement  of 
electromagnetic  disturbance  characteristics 
of  industrial,  scientific  and  medical  devices 
(ISM)  radio-frequency  equipment 

CISPR  12 

Vehicles,  motorboats  and  spark  ignited 
engine-driven  devices  -  Radio  disturbances 
characteristics  -Limits  and  methods  of 
measurement 

CISPR  13 

Limits  and  methods  of  measurement  of 
radio  interference  characteristics  of  sound 
and  TV  broadcast  receivers  and  associated 
equipment 

CISPR  14 

Limits  and  methods  of  measurement  of 
radio  interference  characteristics  of  electric- 
motor  operated  and  thermal  appliances  for 
household  and  similar  purposes,  electric 
tools  and  similar  electric  apparatus. 

CISPR  15 

Limits  and  methods  of  measurement  of 
radio  interference  characteristics  of 
electrical  lighting  and  similar  equipment 

CISPR  22 

Information  technology  equipment  -Radio 
disturbance  characteristics  -  Limits  and 
methods  of  measurement 

CISPR  25 

Limits  and  methods  of  measurement  of 
radio  interference  characteristics  for  the 
protection  of  radio  receivers  used  on  board 
vehicles 

Table  2  .  List  of  emission  product  standards  established 
by  CISPR 
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This  presentation  deals  with  the  development  of  a 
new  method  of  determinations  of  rated  EMC  parameters 
of  microelectronic  systems  maintaining  safety  using  the 
probabilistic  approach  recommended  in  reference  guide 
IEC  61000-401.  The  rated  EMC  parameters  are  deter¬ 
mined  using  probabilistic  criteria  of  EMC  levels  in 
which  a  numerical  value  of  error  probability  of  the  sys¬ 
tems  is  assumed.  A  software  package  “EMCpar"  has 
been  elaborated  for  Windows  allowing  to  determine  the 
rated  parameters  of  noise  and  noise  immunity  levels  for 
specified  EMC  levels.  The  new  method  is  better  ade¬ 
quate  than  the  existing  “deterministic"  method  since  it 
allows  to  determine  the  EMC  parameters  for  specified 
conditions  of  reliable  and  safe  performance  of  micro¬ 
electronic  systems. 

1.  INTRODUCTION 

Microelectronic  systems  controlling  safety  (SCS)  of 
transport  and  industries  perform  extremely  responsible 
functions,  hence  the  problem  of  their  electromagnetic 
compatibility  with  the  electromagnetic  environment  re¬ 
quires  more  precise  solution.  Traditionally  the  rated 
EMC  parameters  are  determined  at  the  final  stage  of 
EMC  problem  solution.  The  problem  itself  of  rating  the 
norms  ignored  the  need  to  take  into  consideration  of 
numerous  factors,  hence  it  is  a  challenging  scientific 
task  and  requires  further  studies  of  the  theory  of  EMC 
problems.  The  existing  approach  to  selecting  the  rated 
EMC  parameters  reflected  in  various  international  and 
national  standards  is  deterministic.  The  essence  of  this 
approach  is  to  select  the  rated  parameters  using  the  prin¬ 
ciple  of  the  “method  of  most  adverse  conditions”,  the 
strictness  of  tests  is  determined  by  a  set  of  several 
qualitative  parameters.  In  this  case  the  parameters  of 
actual  EME  are  ignored  and  are  replaced  with  some 
maximum  noise  level  (the  strictness  of  tests  is  deter¬ 
mined  subjectively  using  several  qualitative  characteris¬ 
tics.  This  approach  has  two  disadvantages  implying  that 
the  strictness  of  tests  may  be  unjustifiably  exaggerated 
resulting  in  a  significant  cost  of  achieving  EMC  in  stan¬ 
dard  microelectronic  systems  controlling  safety,  or  op¬ 
positely  the  tests  may  be  too  lax  upsetting  the  conditions 


of  ensuring  safety.  Hence  it  is  essential  to  analyze  new 
methods  of  determining  the  EMC  rated  parameters  using 
a  probabilistic  approach. 

2.  DETERMINATION  OF  RATED  EMC 
PARAMETERS  USING  THE  PROBABILISTIC 
APPROACH 

It  is  an  intricate  task  to  rate  the  EMC  parameters  for 
SCS  since  it  should  be  solved  with  the  consideration  of 
some  specified  safety  level  and  a  number  of  technologi¬ 
cal,  economic  and  other  aspects.  The  new  method  of 
rating  EMC  parameters  is  based  on  the  application  of 
probabilistic  statistical  EMC  models  [1,2]  which  take 
into  account  both  the  qualitative  parameters  of  the  ex¬ 
isting  electromagnetic  environment  (EME)  and  the  pa¬ 
rameters  of  noise  immunity  of  such  systems.  It  has  been 
demonstrated  [1,2]  that  it  is  exactly  the  value  PCIT  can 
qualitative  reflect  the  compatibility  of  devices  with  a 
specific  existing  EME.  In  this  case  the  existing  EME  is 
determined  by  processing  statistic  characteristics  of 
noise  of  a  definite  type  and  it  is  determined  by  the  dis¬ 
tribution  of  noise  levels.  Following  this  model  an  error 
occurs  when  noise  level  exceeds  the  noise  immunity 
level  of  a  system  (a  device)  and  can  be  quantitatively 
determined  by  the  magnitude  of  error  probability  Pen, 
This  magnitude  characterizes  also  the  performance  and 
safe  performance  of  devices  in  a  specific  EME. 

Analytic  expressions  of  determination  of  Pcn.  of  mi¬ 
croelectronic  SCS  for  most  frequent  practically  combi¬ 
nations  of  distributions  of  noise  and  noise  immunity  lev¬ 
els  in  order  to  develop  new  methods  of  determination  of 
rated  values  using  the  probabilistic  approach  what  is 
treated  in  detail  in  [1-3],  For  example,  the  error  prob¬ 
ability  (the  quantitative  EMC  level)  for  a  combination  of 
normal  laws  of  distribution  of  noise  and  noise  immunity 
levels  is  determined  from  the  expression 


and  for  the  exponential  law  of  distribution  of  noise 
levels  and  normal  distribution  of  noise  immunity  levels 
from  the  expression 


(2) 
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Pm  =  0,5  *  exp  j-  ^  (ipR  X  -  \!ctr2  )|  +  ® 


Hr  ~  >-qR 
Or 


By  using  these  dependencies  and  by  specifying  indi¬ 
vidual  parameters  the  following  problems  of  determina¬ 
tion  of  the  rated  EMC  parameters  can  be  solved: 

—  by  using  a  specified  PcrT  and  known  EME  charac¬ 
teristics  (in  this  case  it  the  known  law  and  the  parame¬ 
ters  of  distribution  of  noise  levels)  to  determine  the  rated 
noise  immunity  level  for  specified  criteria  using  the 
standard  deviation  (the  first  problem  of  rating); 

—  by  using  a  specified  Perr  and  the  known  law  and 
parameters  of  distribution  of  noise  immunity  level  to 
determined  the  rated  value  of  noise  levels  for  specified 
criteria  and  the  standard  deviation  (the  second  problem 
of  rating). 

The  first  variant  deals  with  the  case  when  an  answer 
is  to  be  found  for  a  specific  EME  which  should  the 
characteristics  of  noise  immunity  levels  of  the  equip¬ 
ment  to  ensure  that  it  functions  with  a  specified  error 
probability.  The  second  problems  appears  in  the  case 
when,  for  example,  the  characteristics  of  some  new 
newly  designed  equipment  are  known,  i.e.  the  noise  im¬ 
munity  level  and  its  scatter.  Then  it  can  be  answered 
what  specified  error  probability  will  the  equipment  have 
and  in  which  noise  environment.  It  will  allow  to  reduce 
cost  or  achieving  exaggerated  norms  specified  at  present 
by  the  existing  standards  based  on  the  deterministic  ap¬ 
proach.  This  will  make  the  equipment  cheaper  for  end- 
users.  With  this  approach  the  problem  of  rating  has 
many  solutions,  its  intricacy  lies  not  in  purely  mathe¬ 
matical  problems  of  deriving  analytical  expressions  for 
determination  of  the  rated  parameters,  it  is  rather  the 
necessity  to  specify  correctly  the  remaining  parameters. 
In  fact,  a  rated  value  is  a  function  of  many  variables.  For 
example,  in  case  of  a  combination  of  the  normal  laws  of 
distribution  of  noise  and  nose  immunity  levels  the  pa¬ 
rameter  to  be  determined  is  a  function  of  many  variables 

~f  (Terr  :P-R  ). 

When  solving  the  problem  of  determination  of  the 
rated  values  the  existing  noise  and  noise  immunity  levels 
should  taken  into  consideration,  for  example,  the  noise 
level  is  determined  by  the  features  of  noise  sources  and 
it  always  has  limits;  the  scatter  of  the  noise  immunity  of 
equipment  is  determined  by  the  technological  levels,  etc. 

The  noise  immunity  levels  of  devices  are  governed 
by  a  great  variety  of  factors,  such  as  the  scatter  of  the 
parameters  of  the  production  process,  compactness  of 
parts,  etc.,  each  contributes  into  the  type  of  the  law  of 
distribution.  Then,  according  to  the  postulates  of  the 
central  extreme  theorem,  it  can  be  concluded  about  the 
normal  law  of  distribution  of  noise  immunity  levels  of 
SCS.  According  to  [1]  distribution  of  the  EME  parame¬ 
ters,  the  amplitude  and  duration  in  particular,  well  cor¬ 
relates  in  many  cases  with  normal,  logarithmic  normal, 
exponential,  Gamma  distribution  and  laws  of  Raleigh 
and  Waybull. 


3. DETERMINATION  OF  THE  RATED 
EMC  PARAMETERS 

Consider  in  detail  how  to  obtain  the  rated  EMC  pa¬ 
rameters  using  an  example  of  combination  of  the  normal 
laws  of  distribution  of  noise  and  noise  immunity  levels 
(see  Fig.  1). 


Fig.  1.  Probabilistic  EMC  model  for  combination  of 
normal  distributions  of  probability  density  of  noise  and 
noise  immunity  levels 


For  this  model  the  error  probability  of  microelec¬ 
tronic  devices  is  determined  by  the  expression  [1] 

(3) 


•-  0 


F  R  -  F 


a/(?  r  +  c  n  ) 


where 


1  z - - 

0(z)  =  —j=  Je  2  dz 
v 2n  o 

is  the  rated  Laplace  function. 

The  rated  noise  immunity  level  (the  first  problem  of 
rating)  can  be  determined  from  expression  (3)  for  a 
specified  error  probability  PC1T  according  to  the  standards 
of  reliable  and  safe  performance  and  fixed  standard  de¬ 
viations  of  the  noise  immunity  level  crR  and  noise  level 
ctn  .  Designate  with  Z  the  rated  Laplace  function  argu¬ 
ment  in  expression  (3) 

z  =  Fr  ~  Pn  (4) 

VaR  +  “ 

then 


Pen.=0,5-O(Z);  <D(Z)=0,5  -  Pen. 


Using  the  results  of  the  Laplace  function  and  deter¬ 
mine  Z  in  order  to  satisfy  equality  (3),  then  use  the  de¬ 
termined  Z  to  determine  the  rated  noise  immunity  level 
Pr- 

From  (4)  directly  determine 

Pr  =  Z  Vc?2R  +a2N  +pN  (5) 

Consider  a  numerical  example.  Assume  that  accord¬ 
ing  to  the  requirements  of  reliable  and  safe  performance 
the  error  probability  is  specified  as  Pen  <=  10'6,  then 
4>(z)  =  0.5  -  PeiT  =  0.499999  and  z  =  4.76,  respectively. 
Also,  the  type  and  the  statistical  parameter  of  EME  dis¬ 
tribution  are  known:  pN  =  1000  V  (the  second  degree  of 
strictness  of  tests  for  standard  IEC  61000-404),  ctn  = 
100  V.  Also  the  characteristic  of  the  parameter  of  scatter 
of  noise  immunity  level  is  known  to  be  cR  =  10  V. 
Smaller  aR  values  would  correspond  to  a  more  advanced 
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technological  level  of  fabrication  of  microelectronic 
equipment.  Proceeding  from  these  conditions  (5)  yields 
pR  >  1478,37  V. 

Hence,  the  rated  noise  immunity  level  to  achieve  PC1T 
-  10"6  at  pN  =  1000  V,  aN  =  100  V  and  aR  =  10  V  is 
equal  to  1478.37  V  in  this  example.  The  deterministic 
approach  in  this  case  would  specify  the  strictness  of  test 
for  noise  immunity  equal  to  2  kV. 

This  example  apparently  demonstrates  the  advantage 
of  the  probabilistic  approach  to  ratting  and  smaller  cost 
needed  to  achieve  the  EMC  of  microelectronic  SCS  and 
making  them  cheaper. 

The  deterministic  approach  to  rating  the  EMC  pa¬ 
rameters  of  microelectronic  systems  controlling  safety 
may  lead  to  another  situation.  Assume  another  case  us¬ 
ing  the  conditions  of  the  previous  example,  but  now  the 
second  strictness  degree  is  specified  1  kV.  According  to 
(3)  the  error  probability  of  microelectronic  SCS  equal  to 
Pen-  =  10"6  may  fail  to  satisfy  customer’s  parameters  of 
reliable  and  safe  performance  of  these  systems. 

Hence,  the  analyzed  example  evidences  that  deter¬ 
mination  of  the  rated  EMC  parameters  with  the  help  of 
the  probabilistic  approach  allow  to  optimize  (reduce)  the 
cost  of  achieving  the  EMC  of  microelectronic  SCS 
while  satisfying  the  specification  of  their  reliable  and 
safe  performance.  The  rated  noise  levels  at  specified  Perr 
values  and  known  parameters  of  distribution  of  noise 
immunity  levels  of  microelectronic  SCS  was  based  on 
(3).  Analysis  of  expression  (3)  evidences  that  determi¬ 
nation  of  the  rated  noise  levels  in  any  way  requires  to 
know  also  the  scatter  0N  of  noise  level  parameters.  The 
value  ctn  in  this  case  can  be  determined  only  by  analyz¬ 
ing  the  statistical  data  about  the  nose  levels  for  various 
types  of  EME. 

In  its  turn  the  equipment  is  needed  to  obtain  the  sta¬ 
tistical  data  about  the  types  and  parameters  of  distribu¬ 
tion  capable  to  measure  noise  and  register  the  noise  pa¬ 
rameters. 

After  the  parameter  crN  is  determined  and  similarly 
to  the  previous  example  it  is  possible  to  determine  the 
rated  noise  levels  and  below  them  to  determine  numeri¬ 
cally  the  EMC  levels  as  PCIT. 

Consider  the  methods  of  solving  the  problem  of  rat¬ 
ing  EMC  parameters  using  the  case  of  combination  of 
distributions  of  noise  levels  based  on  the  Raleigh  law 


f  (x  )  =  -^-exp 

<*N 


(6) 


and  noise  immunity  based  on  the  normal  law. 
Knowing  the  EMC  level,,  the  Pcrr  for  this  combina¬ 
tion  of  the  laws  of  distribution  can  be  derived  from  ex¬ 
pression  [1] 


P  =- 


+  <p 


\/R+oDt2  1°r 
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Pr°N 


+  cr„ 


exp' 


Pr 

2K  +ctr) 


(7) 


In  this  case  the  solution  of  the  first  problem  of  rating 
is  accomplished  by  determining  the  noise  immunity 
level  pR  using  the  known  aN  and  the  specified  oR,  solu¬ 
tion  of  the  second  problem  of  rating  is  accomplished  by 


determining  oN  (sine  the  Raleigh  distribution  is  a  single- 
parameter  law,  hence  it  is  enough  determine  just  oN  to 
determine  the  noise  level)  based  on  the  known  pR  and 
aR  .  Yet,  equation  (7)  is  transcendental  it  can  be  solved 
only  with  numerical  methqds. 

For  the  combination  of  the  exponential  law  of  distri¬ 
bution  of  noise  levels  and  the  normal  law  of  distribution 
of  noise  immunity  level  the  PC1T  of  EMC  can  be  deter¬ 
mined  from  [1] 


It  is  also  transcendental.  For  other  combinations  of 
the  laws  of  distribution,  for  example,  when  the  noise 
levels  are  determined  based  on  the  Waybull  law 

fN(x)=  — xa_1  exp(-x“  /x0) 
xo 

and  noise  immunity  levels  follow  the  norma!  law,  the 
error  probability  is  described  by  the  expression  con¬ 
taining  an  integral  which  can  be  calculated  if  a.  is  speci¬ 
fied  and  only  for  some  values  of  a: 


P 


err 


Analysis  indicates  that  the  parameters  rated  analyti¬ 
cally  can  be  obtained  only  for  a  limited  number  of  com¬ 
binations  of  the  laws  of  distribution. 

In  the  general  case  there  arc  ceilings  and  floors  of 
the  parameters  of  each  type  of  noise.  Hence  they  can  be 
represented  by  the  truncated  laws  of  distribution.  It  is  a 
specifically  essential  consideration  for  determination  of 
the  EMC  rated  parameters  for  highly  reliable  systems. 
Moreover,  the  noise  immunity  levels  for  a  number  of 
instruments  are  more  adequately  described  by  the  trun¬ 
cated  laws  of  distribution  (by  the  truncated  Gaussian  law 
in  most  cases). 

Consider  the  solution  of  the  problem  of  rating  using 
the  truncated  laws  of  distribution,  specifically  the  trun¬ 
cated  normal  laws. 

In  this  case  the  function  of  the  density  of  distribution 
of  noise  levels  and  the  degree  of  noise  immunity  will  be 
[1] 


fN(x)  =  — 1 
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fR(>0  = 


I 
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where  a,  b,  c,  d  are  the  limits  of  variations  of  random 
noise  and  noise  immunity  levels  of  devices. 

The  error  probability  of  devices  in  this  case  is  de¬ 
scribed  by  the  expression  [1] 


P„,  =  1  ■ 


p„ 


(11) 
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d  -  Ji u 
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where  pu  =pR  -pN  ,  Ou  =  (ct2n  +ct2r  )0’5 . 

Before  solving  the  problem  of  rating  the  effect  of 
truncation  upon  the  error  probability  should  be  evalu- 
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ated.  Analysis  of  such  truncation  upon  the  Perr  indicates 
that  a  combination  of  the  truncated  laws  of  distribution 
yields  more  accurate  results  when  calculating  the  EMC 
level.  When  the  values  of  p(J  are  small,  the  PeiT  calcu¬ 
lated  using  (3)  and  (11)  differ  insignificantly,  yet  in  this 
case  PeiT  is  quite  high.  For  SCS  determination  of  the 
rated  parameters  ignoring  truncation  is  costlier  when 
effort  is  made  to  achieve  the  specified  Perr-  Meanwhile 
using  more  adequate  truncated  laws  yields  the  same  re¬ 
sult  cheaper. 

Hence,  it  can  be  concluded  that  expression  (11)  is 
suitable  for  determination  of  the  rated  EMC  parameters. 
The  routine  of  determination  of  the  rated  EMC  parame¬ 
ters  is  like  in  the  previous  case  assuming  that  Pe,T.  a,  b,  c, 
d  are  known,  aR  is  specified,  then  pN  can  be  determined 
as  a  function  of  pR,  crR ,  a,  b,  c,  d,  aN  and  correspond¬ 
ingly  pR  =f  (pN  ,  ctr  ,  a,  b,  c,  d,  crN).  Analysis  of  the  ef¬ 
fect  of  “truncation”  of  the  laws  of  distribution  of  noise 
levels  upon  the  accuracy  of  determination  of  Perr  indi¬ 
cates  hat  the  truncated  laws  should  be  used  when  using 
the  Waybull,  Raleigh  and  exponential  laws  of  distribu¬ 
tion,  otherwise  the  error  of  determining  PeiT  becomes 
comparable  with  the  probability  PeiT  itself. 

The  software  package  “EMCpar”  for  Windows  is 
specifically  intended  to  solve  the  problems  of  rating 
when  no  analytical  solution  is  possible  (see  Fig.2). 


Fig.  2.  Displayed  information 

The  package  allows  to  solve  the  problem  of  rating 
using  any  specified  error  probability  (a  specified  degree 
of  compatibility)  and  known  noise  levels,  to  determine 
what  noise  immunity  level  is  required  in  each  specific 
case  for  an  individual  or  a  group  of  instruments.  The 
package  allows  to  determine  Pen.  for  all  possible  combi¬ 
nations  of  the  laws  of  distribution  of  noise  and  noise 
immunity  levels  and  error  probability.  The  user  interface 
is  easy  to  use,  requires  no  special  training  and  runs  in 
the  interactive  mode. 

4.  CONCLUSION 

The  new  method  of  determination  of  the  EMC  rated 
parameters  respects  the  guides  of  standard  IEC  61000-4- 
1 .  Algorithms  have  been  created  to  determine  (to  calcu¬ 
late)  the  rated  EMC  parameters.  The  advanced  method 
of  rating  allows  to  optimize  the  cost  of  achieving  the 


EMC  and  the  required  standards  of  reliable  and  safe 
performance  of  microprocessor  circuits. 

It  is  noteworthy  that  implementation  of  this  approach 
requires  the  necessary  instruments  to  register  and  ana¬ 
lyze  the  EME  (to  determine  the  parameters  and  the  type 
of  the  laws  of  noise  distribution).  Quantitative  determi¬ 
nation  of  the  parameters  of  noise  levels  allows  also  to 
set  more  accurately  the  strictness  of  tests  using  the  ex¬ 
isting  approach. 

Also,  in  order  to  detennine  the  parameters  and  the 
type  of  the  law  of  distribution  of  levels  and  noise  immu¬ 
nity,  the  noise  simulators  should  be  able  to  vary  the 
characteristic  of  simulated  noise  smoothly.  There  are 
such  test  generators,  like  Haefely,  EM-test,  Schaffner, 
and  others.  The  advanced  approach  to  rating  is  easily 
implementable  using  the  “EMCpar”  package  and  suit¬ 
able  equipment.  The  novel  advanced  method  of  rating  is 
more  optimal  since  it  respects  the  probabilistic  nature  of 
both  noise  levels  and  noise  immunity  levels  and  allows 
to  determine  the  rated  EMC  parameters  numerically  for 
specified  criteria  of  reliability  and  safety. 
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The  paper  intends  to  contribute  to  the  implementation 
of  the  EMC  Directive,  proposing  a  model  for  technical  EMC 
specifications  dedicated  to  telecommunication  products.  The 
considered  products  are  the  telephone  set  with  analogue 
interface  and  the  multiplexer  PCM-PG  system,  both 
belonging  to  the  access  network.  Their  choice  is  based 
mainly  on  their  wide  use,  small  size  and  influence  they  have 
on  the  quality  of  the  transmitted  signals. 

The  structure  of  the  EMC  specification  contains  aside 
scope,  normative  references,  definitions  etc.,  some  specific 
topics  like  EMC  requirements  (emission  and  immunity), 
performance  criteria,  test  methods,  test  plan. 

In  close  relation  with  the  above  problems,  the  authors 
describe  their  achievements  related  to  the  automation  of  tests 
and  testing  results. 

1.  INTRODUCTION 

The  development  of  digital  communications  leads  to 
the  growth  of  the  EMC  problems,  especially  as  a  consequence 
of  the  application  of  the  "essential  requirements"  stated  by 
EMC  Directive  89/336/EEC  and  other  related  Directives. 

On  the  other  hand,  the  multiplication  of 
standardization  documents,  issued  at  different  dates  and  by 
different  standardization  bodies  (international  or  regional) 
like  IEC,  ITU-T,  CISPR,  ETSI,  CENELEC,  CEN,  CEPT 
implies  the  use  of  a  great  number  of  publications,  sometimes 
having  non-correlated  provisions.  This  can  give  rise  to 
different  meanings  on  the  applicable  tests,  testing  procedures 
and  performance  criteria,  with  undesirable  consequences 
related  to  the  comparison  of  test  reports,  issued  by  different 
laboratories  and  to  the  reliability  of  the  product  certification 
with  respect  to  EMC  requirements  (mainly  when  a 
declaration  of  conformity  is  allowed). 

This  is  the  reason  why  the  authors  propose  a  model 
for  EMC  technical  specification,  product  oriented,  which 
should  be  elaborated  in  a  similar  way  with  the  standards.  The 
work  must  be  done  in  the  frame  of  national  authorities 
(certification  body,  regulation  authority)  or  professional 
associations  and  will  be  hopeful  to  reach  at  least  a  regional 
consensus.  Such  document  will  include  all  the  relevant  tests 
for  the  product,  testing  conditions  and  performance  criteria, 
eliminating  in  this  way  the  possible  disagreement  between 
different  publications  dealing  with  similar  products. 

The  paper  describes  EMC  technical  specifications  for 
telecommunication  products,  widely  used,  as  are  the 


telephone  set  with  analogue  interface  and  the  PCM-PG 
system.  These  are  relative  simple  products  marketed  by  many 
producers.  The  diversity  of  manufacturers  on  the  one  hand 
and  the  possibility  of  their  testing  in  small  laboratories,  on 
the  other  hand  was  the  main  reasons  for  the  choice  of  these 
products  in  order  to  apply  them  our  model  for  EMC  technical 
specification.  Moreover  they  present  all  type  of  coupling 
ports,  they  have  both  analogue  and  digital  interfaces,  each 
with  their  specific  disturbances  and  the  presence  of  these 
products  in  the  access  network  influences  the  quality  of  the 
transmitted  signals  and  data. 

2.  THE  STRUCTURE  OF  THE  EMC  TECHNICAL 
SPECIFICATION  FOR  TELECOMMUNICATION 
PRODUCTS 

All  the  above  mentioned  considerations,  also  related 
to  the  drafting  of  EMC  specifications  [1,2],  led  us  to  the 
following  specification’s  structure: 

1.  Scope  and  object 

2.  Normative  references 

3.  Definitions  (if  necessary) 

4.  Product  description 

4.1.  Generalities 

4.2.  Main  functions  and  functional  states 

4.3.  Priority  of  service  (see  [2]) 

4.4.  Installation  electromagnetic  environment 

4.5.  Definitions  of  ports 

5.  EMC  essential  requirements 

5.1.  Emission  limits 

5.2.  Immunity  levels 

5.3.  Resistibility 

5.4.  Performance  criteria 

5.4.1.  Normal  operation 

5.4.2.  Performance  criterion  A 

5.4.3.  Performance  criterion  B 

5.4.4.  Performance  criterion  C 

5.4.5.  Performance  criterion  R 

6.  Measuring  /  testing  procedures 

6.1.  General  conditions  during  tests 

6.2.  Test  plan 

6.3.  ]  Description  of  each  emission 

6.4. 1  measurement/immunity  test  required  in 

•  l  Clause  5:  test  set-up,  test  equipment, 

•  ( test  methods  (with  specific  particularities 
6.X. J  for  the  <product>  involved. 
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7.  Final  provisions  like  the  implications  of  safety 
requirements  on  the  test  results  and  the  required  content 
of  the  test  report  [3,4]. 

3.  COMMENTS  ON  THE  PROPOSED  STRUCTURE 

The  proposed  structure  for  EMC  technical 
specifications  dedicated  to  telecommunication  products  is  the 
result  of  a  common  work  of  a  team  composed  by  EMC 
specialists  and  telecommunication  specialists.  During  this 
work  the  main  aspect  which  needed  to  be  solved  was  the 
selection  of  EUTs  relevant  functions  together  with  the 
adequate  performances  to  be  fulfilled  during  tests,  in  order  to 
give  to  the  EMC  specialists  all  the  necessary  information  for 
tite  determination  of  the  applicable  tests.  This  is  necessary 
because  not  all  "essential  requirements"  must  be  tested  in  all 
functional  states. 

3.1.  Product  description  (4) 

The  approach  of  product  description  must  be  oriented  to 
lighten  the  evaluation  of  EMC  aspects  and  therefore  is 
correlated  with  the  others  clauses  as  follows: 

•  main  functions  (4.2)  are  implied  in  the  structure  of  the 
test  plan  (6.2); 

•  priority  of  service  (4.3)  is  tied  with  EMC  requirements 
(5.1  -  5.3).  For  instance,  in  the  case  of  "normal  priority" 
the  EMC  requirements  for  the  telephone  set  must  comply 
with  EN  55022  and  EN  55024[5,6J  and  for  PCM-PG 
system  with  EN  300386-2  [7],  while  in  the  case  of  "high 
priority"  the  severity  of  immunity  test  must  be  higher  and 
reference  shall  be  made  to  ETS  300386-1  [2]; 

•  installation  electromagnetic  environment  (4.4)  is  to  be 
considered  with  regard  to  emission  limits  (5.1)  and 
immunity  levels  (5.2); 

•  the  definition  of  ports  by  a  block  diagram  (4.5)  is 
necessary  both  for  the  specification  of  EMC  requirements 
(5.1  -  5.3)  and  for  test  set-ups,  test  equipment  etc.  (6.3  - 
6.X) 

3.2.  Performance  criteria  (5.4) 

Here  the  authors  propose  a  new  concept  called 
normal  operation,  to  be  included  in  all  products  dedicated 
EMC  technical  specifications.  The  proposed  definition  may 
be:  "normal  operation  -  one  or  more  states  and/or  functions 
which  are  relevant  for  the  <product>  and  for  a  specific  test. 
The  <product>  must  be  in  normal  operation  condition 
during  the  whole  process  of  verifying  the  conformity  with  the 
essential  requirements". 

Regarding  the  normal  operation  conditions  (5.4.1), 
they  may  differ  from  a  test  to  another,  taking  into  account  the 
relation  between  EMC  sensitivity  of  EUT  in  different 
operating  states  and  the  involved  disturbances,  respectively 
tests.  It  must  be  specified  for  each  case:  the  functional  states, 
the  monitored  parameters  and  their  values  or  limits. 

The  performance  criteria  are  defined  in  several 
standardization  documents,  both  for  immunity  tests  and  for 
resistibility  tests  [2,6,7,8,9].  As  their  definitions  and  their 
designation  also,  are  rather  different  it  is  necessary  an  effort 
from  the  part  of  standardization  bodies  to  unify  their 
viewpoints  regarding  the  definitions.  For  the  purpose  of 
proposed  EMC  technical  specifications,  the  authors  used  the 
following  equivalence  of  criteria. 


Table  1  Equivalence  of  performance  criteria 


Type  of  test 

Type  of  disturbance 

Performance  criteria 

EMC 

Immunity 

Continuos 

A[6,7,81  or  NP[21 

Transient 

B[6,7,81  or  RPf21 

C[6,7,8]  or 
(LFS  +  LFC)[2] 

Resistibility 

Continuos  /  Short 
duration 

R[7]  or  Aitu-t[9,10] 
orLFO[21 

When  one  describes  a  performance  criterion  in  a  product 
EMC  technical  specification  (5.4.X)  it  is  important  to 
emphasize  the  allowed  deviations  from  the  normal  operation 
already  defined  (5.4.1)  (degradation  of  performances  or 
permissible  loss  of  performances). 

Any  <product>  is  deemed  to  be  compliant  with  a 
requirement  only  after  the  checking  of  the  normal  operation, 
after  the  cessation  of  the  applied  disturbance. 

3.3.  General  conditions  during  tests  (6.1) 

This  clause  shall  specify  environmental  conditions 
(climatic  and  electromagnetic)  in  order  to  assure  the 
repeatability  and  traceability  of  tests  (e.g.  for  ESD  test  the 
humidity  range  is  more  limited  than  for  the  other  tests).  Also 
here  shall  be  specified  operational  conditions  for  EUT  (like 
power  supply  quality)  and  requirements  for  the  test  site.  In 
some  cases  may  be  necessary  to  specify  a  minimum  test 
configuration  in  order  to  allow  EUT  to  operate  as  intended.  A 
complex  system  like  PCM-PG  must  be  tested  successively  on 
the  subscriber  unit  and  the  exchange  unit  as  EUT,  in  each 
case  the  other  unit  acting  as  auxiliary  equipment  (AE). 

3.4.  Test  plan  (6.2) 

The  test  plan  may  be  conceived  in  tabular  form,  in 
order  to  offer  a  comprehensive  presentation  of  several 
aspects: 

•  the  sequence  of  functional  states; 

•  the  applicable  tests; 

•  the  performance  criteria,  correlated  with  the  function(s) 
and  the  applied  test(s). 

The  Annex  1  gives  an  example  of  test  plans  for  the 
telephone  set. 

3.5.  Some  considerations  about  relations  between  EMC  and 
safety  tests  (7) 

Although  the  safety  tests  are  very  distinct  of  EMC 
tests,  they  must  be  considered  when  a  <product>  is  to  be 
EMC  certified,  because  it  may  become  dangerous  or  unsafe 
as  a  result  of  EMC  tests  [8].  Moreover,  in  Clause  8,  Table  1 
of  EEC  Guide  107  this  subject  is  included  between  the  typical 
subjects  of  EMC  publications. 

It  is  well  known  that  during  EMC  tests  a  <product> 
may  be  the  subject  of  a  stress  (especially  with  voltage  surges 
or  impulses)  which  would  not  be  envisaged  in  the  frame  of 
safety  tests.  As  regard  the  telephone  set  and  PCM-PG  system, 
one  must  keep  in  mind  some  aspects: 

•  the  user  is  in  direct  contact  with  some  parts  (metallic  or 
non-metallic)  when  dialing  or  during  the  conversation; 

•  it  is  not  sure  that  an  apparatus  which  complies  with  ITU- 
T  P360:1998  requirements  regarding  the  effectiveness  of 
limiting  devices  for  prevention  of  excessive  acoustic 
pressure,  will  continue  to  be  safe  in  this  respect  during 
impulse  immunity  tests. 

•  as  a  result  of  a  loss  of  function  of  the  limiting  devices  of 
remote  supply  current,  the  service  crew  working  on  lines 
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equipped  with  PCM-PG  systems  could  be  endangered. 

For  this  reason,  the  proposed  EMC  technical 
specifications  for  telecommunication  products  must  require 
for  EUT  the  following  combined  sequence  of  tests: 

A.  Safety  tests  according  to  the  applicable  standard  (EN 
60950  or  EN  4 1003); 

B.  EMC  tests  according  to  Clause  5  of  the  actual  EMC 
technical  specification; 

C.  Safety  tests  -  at  least  the  electrical  tests  whose  effect  is 
not  cumulative,  like  the  measurement  of  insulation 
resistance  or  the  measurement  of  touch  current. 

Normally  after  the  application  of  EMC  tests  the 
<product>  must  not  be  damaged  and  must  function  as 
intended  by  its  manufacturer.  That  is  why  it  may  be  assumed 
that  the  application  of  safety  tests  after  EMC  tests  on  the 
same  <product>  will  not  increase  the  severity  of  the  safety 
tests. 

4.  AUTOMATIZATION  OF  THE  EMC  TESTS 

The  large  number  of  measurements  and  tests  to  be 
done  and  of  the  functions  to  be  checked,  in  order  to  evaluate 
the  compliance  with  the  EMC  essential  requirements,  leads 
to  the  solution  of  automated  testing. 

This  is  sometimes  recommended  from  the  relevant 
standards  because  of  the  complexity  of  the  test  calibration 
and  test  execution  procedure. 

Emphasis  is  given  to  immunity  testing  to  continuous 
phenomena  because  it  is: 

•  a  very  time  consuming  procedure, 

•  the  standards  require  normal  performance  of  the  product 
under  test. 

The  test  engineers  have  thus  to  adjust  the  test 
equipment,  to  observe  the  test  item  and  to  measure  several 
parameters  that  are  critical  for  a  proper  functioning  of  the 
product. 

The  use  of  a  software  for  implementing  the  test  is 
essential  not  only  for  automatically  adjusting  the  test 
equipment  but  also  for  measuring  parameters  like 
telecommunication  signals  on  lines,  acoustic  levels  on 
handsets,  BER  on  digital  lines  etc. 

An  automated  measurement  system  was  developed 
based  on  the  industrial  IEEE  interface. 

Test  parameters  can  be  adjusted  and  displayed 
together  with  measured  data  in  a  user-friendly  Windows 
environment,  but  also  recorded  for  later  investigation. 

For  the  development,  the  Labview  environment  was 
used  because  of  its  easiness  to  function  with  modular 
programs  that  can  be  readily  combined  to  produce  a  larger 
program.  The  Labview  environment  is  specially  developed 
and  addressed  to  instrumentation  people. 

The  test  environment  is  thus  free  to  include  easily 
new  test  equipment  and  also  to  measure  additional  functional 
parameters  of  the  products  under  test,  making  testing  in  the 
development  phase  easy,  quick  and  accurate. 

The  test  software  is  divided  in  two  main  parts,  the 
conducted  immunity  and  the  radiated  immunity  test.  Each 
part  is  further  divided  into  two  main  routines  one:  for  the 
calibration  procedure  and  one  for  the  actual  test  procedure. 

The  calibration  of  the  conducted  immunity  has  the 
purpose  to  apply  a  defined  common  mode  voltage  on  the 
equipment  under  test  terminals. 

The  calibration  of  the  radiated  immunity  has  the 
purpose  to  apply  a  uniform  electromagnetic  field  around  the 
equipment  under  test. 


The  calibration  routines  are  running  using  a  set  up 
and  a  procedure  as  described  in  the  relevant  standards  with 
the  results  automatically  stored  for  later  use  during  the  test 
procedure. 


The  automatically  running  calibration  routines  give 
the  advantage  to  use  them  as  often  as  it  is  required,  having  so 
always  verified  test  conditions. 

Extensive  tests  have  been  conducted  using  the 
software  and  with  measurements  of  the  following  signals: 

•  1  kHz  demodulated  signal  selectively  on  a  telecom  line 

•  wide  band  noise  on  a  telecom  line 

•  psophometric  noise  on  a  telecom  line 

•  acoustic  noise  on  telephone  handsets 
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For  investigation  purposes  the  software  has  the  ability 
to  make  a  quick  test  run  and  if  the  results  are  sufficient  to 
proceed  with  the  normal  test  steps  which  are  time  consuming. 

The  automatization  offered  many  advantages  during 
the  development  phase  of  the  products: 

•  The  test  results  can  be  saved  for  later  use 

•  Different  test  results  can  be  compared 

•  The  fast  execution  procedure  minimizes  the  investigation 
time 

•  The  human  error  has  been  eliminated  during  a  very 
tiresome  test  procedure. 

From  the  extensive  testing  a  lot  of  experience  has  been 
gained  on  the  behavior  of  telephone  equipment  to  continuous 
RF  disturbances.  Generally,  it  can  be  said: 

•  Equipment  with  no  acoustic  interface  needs  a  careful 
design  following  the  rules  that  are  well  know  from  other 
tests  made  until  now. 

•  Equipment  with  acoustic  interface  needs  a  lot  of  work  to 
fulfill  requirements  of  modulated  RF  disturbances. 

5.  CONCLUSIONS 

The  paper  tries  to  emphasize  some  important  aspects 
to  have  in  mind  when  drafting  EMC  technical  specifications, 
with  application  to  the  above  mentioned  telecommunication 
products: 


w 


<3 


Wi 


INTCWCCn  art  -  Conifeclvd  tMurt'v  T**t  -  n 

iNTAftCftK  Sft  ••  £«>£»'.«£  :«r  ••  ♦; 


2^n  anmnn 

fd  net**  on  *  t*1  rphorm  Itm 

*/<«.■  fc-tft 


•  the  general  approach  is  that  product  standards  concerns 
mainly  the  manufacturers,  which  must  have  their  own 
standards  or  specifications  related  to  a  particular 
<product>.  The  reality  of  EMC  standardization  (in 
relation  with  EMC  essential  requirements)  reveals  the 
fact  that,  in  order  to  have  a  reliable  certification,  the 
product  EMC  (and  related  topics)  technical 
specifications  must  be  elaborated  by  an  independent 
body  (like  for  example  an  EMC  professional 
association)  with  the  participation  of  involved  parties 
(regulatory  authority,  manufacturers,  users,  accredited 
laboratories,  certification  body). 

•  The  automatization  of  the  calibration  and  the  actual 
run  procedures  of  the  standards  give  a  lot  of 
advantages,  first  to  the  design  engineers  who  receive 
quick  and  very  comprehensive  test  results,  and  also  to  the 
test  engineers  who  can  perform  easily  and  with  no  errors 
the  tests. 

•  It  is  very  useful,  that  the  standards  describe  test 
procedures  that  can  be  easily  automatizated. 

•  Analyzation  of  the  test  is  necessary  to  find  signals, 
affected  from  the  RF  signal,  that  can  be  easily  measured. 
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Annex  1:  Test  plan  for  telephone  set 
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Symbols:  H50  -  Power  frequency  magnetic  test;  Erf-  Radiated  RF  electromagnetic  field;  Vrf-  Conducted 
RF  disturbances;  ESD  -  Electrostatic  Discharges;  EFT  -  Electrical  Fast  Transients;  CIS  -  Limits  acc.  to  [5]; 
V|-  Induced  voltage,  LEMP  (10/700  (is);  V50  -  Induced  voltage  50  Hz;  0.2  s  [10];  A,B,C,R  -  Performance 
criteria,  associated  with  functional  state  to  validate;  (A),(B),(C),(R)  -  Performance  criteria,  previous  verified 
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The  presentation  deals  with  the  problem  of  the  EMC 
effect  upon  safe  performance  of  microelectronic  cir¬ 
cuits.  The  authors  propose  to  perform  simulation  of 
performance  of  the  circuits  responsible  for  safety,  the 
effects  o  errors  and  failures  of  hardware  and  software. 
The  principles  are  disclosed  how  to  create  simulation 
models  together  with  the  algorithms  of  their  evaluation. 
Then  the  results  of  computer  evaluation  are  taken  into 
consideration  for  designing  test  of  microelectronic  sys¬ 
tems  controlling  safety  for  EMC  in  order  to  identify  the 
tacts  in  the  operation  of  a  system  critical  for  safety.  The 
advance  methods  promote  the  validity  of  tests  of  micro¬ 
electronic  systems  controlling  safety. 

1.  INTRODUCTION 

Many  systems  controlling  essential  processes  (in¬ 
cumbent  with  risk  for  people,  significant  material  losses 
and  negative  effect  upon  the  environment)  operate  in  the 
intricate  electromagnetic  environment.  Their  reliable 
and  safe  performance  is  strongly  governed  by  solving 
the  problems  of  their  electromagnetic  compatibility  with 
the  existing  electromagnetic  environment.  At  present 
microelectronic,  microprocessor  and  computer  means 
are  employed  intensively  to  design  the  systems  control¬ 
ling  safety  (SCS).  Hence  there  are  challenging  problems 
of  creating  the  microelectronic  systems  satisfying  the 
required  safety  level.  There  are  international  require¬ 
ments  that  the  safety  of  such  systems  should  be  obligato¬ 
rily  certified. 

Broad  use  of  microelectronic  equipment  and  systems 
controlling  safety,  specifically  inn  railway  traffic,  has 
highlighted  the  problem  of  their  electromagnetic  com¬ 
patibility.  It  has  been  reflected  in  the  European  stan¬ 
dards,  national  regulations.  This  problem  is  specifically 
acute  in  the  systems  of  railway  automatics  and  tele¬ 
mechanics  (RATM)  due  to  the  following  reasons: 

1.  Compared  with  relay  systems  the  microelectronic 
RATM  are  much  stronger  affected  by  electromagnetic 
noise  because  they  are  much  more  intricate,  compact, 
packed,  their  components  are  much  faster  and  more  vul¬ 
nerable. 


2.  The  systems  of  railway  automatics  operate  in  intricate 
electromagnetic  environment.  Errors  in  the  microelec¬ 
tronic  systems  occur  one  order  of  magnitude  more  fre¬ 
quently  than  their  failures.  Yet  the  effect  of  noise  is 
comparable  with  failures  of  hardware  and  errors  in  the 
software.  Therefore,  to  test  the  microelectronic  systems 
controlling  safety  for  EMC  puts  into  foreground  the 
problems  of  evaluating  the  consequences  of  failures, 
their  location  when  they  upset  safety  in  performance 
(risky  errors). 

3.  High  intricacy  of  these  systems  determines  a  great 
variety  of  states  (operation  tacts).  Meanwhile,  electro¬ 
magnetic  effects  in  various  tacts  of  performance  of  the 
systems  may  produce  different  results. 

4.  Tough  standards  of  reliable  and  safe  performance  of 
the  systems  (the  rate  of  dangerous  failure  Xs  =  10'"  1/h 
in  the  European  standards)  require  to  analyze  ail  the 
situations  which  are  determined  by  the  inequality 

Ps  —  Pc  '  Pd  ’ 

where  Pc  is  the  probability  of  existence  of  a  certain  state 
in  the  system;  Pj  is  the  probability  of  occurrence  of 
electromagnetic  noise  of  a  certain  type  leading  to  error; 
Ps  is  the  probability  of  a  dangerous  failure  of  the  system. 

The  authors  study  microelectronic  SCS  which  are 
highly  reliable  devices.  The  rate  of  dangerous  failures 
upsetting  the  conditions  of  safe  performance  of  these 
systems  (specifically  the  railway  automatic  systems) 
should  be  of  the  order  10'"  4-  10'"  1/h  or  average  serv¬ 
ice  over  100  years  until  any  dangerous  failure.  There¬ 
fore,  it  is  impossible  to  collect  comprehensive  statistics 
of  dangerous  errors  or  failures.  In  order  to  achieve  high 
standards  of  reliable  and  safe  performance  of  these  sys¬ 
tems,  special  methods  of  designing  are  used  based  on 
reserving,  diagnosing  and  using  safe  components  [1], 
These  safe  components  imply  the  components  with  the 
rate  of  a  certain  type  of  failures  below  the  permissible 
standard  (in  this  case  A,s  =  10'"  1/h).  Special  control 
circuits  are  used  in  these  systems  to  maintain  their 
safety  with  stricter  requirements  for  their  safety  and 
EMC. 

The  basic  method  of  validating  stable  performance 
of  a  system  under  the  effect  of  electromagnetic  noise  are 
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tests  of  pilot  specimens  using  noise  simulators.  The 
quality  of  a  system  is  rated  based  on  the  output  parame¬ 
ters  characterizing  its  performance.  Yet,  in  intricate 
systems  the  effects  of  electromagnetic  noise  are  strongly 
governed  by  the  fact  at  which  operation  tact  an  error 
occurs.  During  tests  with  the  help  of  noise  simulators  it 
is  impossible  to  cover  each  operation  tact  of  the  system. 
Also,  the  inertia  of  the  system  may  delay  an  error  for 
several  operation  tacts  when  noise  does  not  affect  the 
system  already.  Hence,  physical  modeling  excludes  a 
comprehensive  evaluation  due  to  a  very  great  number  of 
tests  (the  time  and  economic  factors).  Therefore  tests  of 
pilot  specimens  should  be  supplemented  with  computer 
modeling  [2],  Compared  with  other  types  of  tests  the 
simulation  modeling  accelerates  tests,  in  the  process  a 
variety  of  possible  process  situations  can  be  created;  a 
great  number  of  failures  and  errors  of  hardware  and 
software  can  be  simulated  which  impossible  when  test¬ 
ing  physical  models;  to  accumulate  the  statistics  how 
errors  affect  safety;  to  validate  the  lists  of  dangerous 
failures. 

2.  MODELING  FAILURES  AND  ERRORS 

What  are  general  principles  of  constructing  models 
reflecting  failures  and  errors  of  components?  When 
studying  engineering  objects  two  approaches  are  em¬ 
ployed:  a  functional  and  a  structural.  The  functional  ap¬ 
proach  deals  just  with  the  algorithms  of  performance, 
i.e.  what  functions  are  accomplished.  The  structural  ap¬ 
proach  investigates  also  the  internal  organization  of  the 
structure  of  an  object  in  addition  to  the  implemented 
functions. 

The  functional  models  are  simpler,  yet  the  disad¬ 
vantage  of  the  functional  approach  is  that  such  parame¬ 
ters  of  diagnostics  like  the  depth  of  search  and  full  iden¬ 
tification  of  defects  are  unachievable  for  more  or  less 
intricate  objects.  Hence  structural  mathematical  models 
are  needed  to  solve  the  formulated  problem.  Structural 
models  show  objects  as  an  integrity  of  individual  com¬ 
ponents  arranged  in  a  certain  manner  to  achieve  the  re¬ 
quired  functional  dependencies.  Frequently  a  component 
of  the  object  is  a  structurally  and  functionally  integral 
part  which  is  not  to  be  decomposed  further.  Hence,  a 
functional  mathematical  model  is  sufficient  to  describe 
the  component.  A  structural  finite  automaton  is  used  to 
describe  the  object  in  its  integrity.  The  disadvantage  of 
the  structural  model  is  that  it  is  intricate  to  describe  in¬ 
teractions  between  individual  components. 

The  laboratory  of  safety  and  EMC  of  engineering 
means  of  the  Belorussian  State  University  of  Transport 
developed  a  system  of  modeling  discrete  circuits  as  a 
structural  automaton.  Description  of  the  scheme  of  the 
structural  automaton  is  made  as  a  generalized  transi¬ 
tional  system  [3],  It  has  allowed  to  simplify  significantly 
formal  representation  of  interactions  between  the 
model’s  components.  The  components  are  represented 
by  abstract  finite  automatons.  Description  of  the  compo¬ 


nents  as  finite  automatons  reflects  all  the  failures  and 
errors  occurring  in  modeled  devices. 

Disorders  of  a  discrete  member  when  described  by 
its  finite  automaton  are  interpreted  [1,2]  as  distortions  of 
output  symbols  of  the  automaton  or  transitions  between 
its  states.  In  this  case  it  is  impossible  very  frequently  to 
indicate  the  location  where  physical  defects  appear  in 
the  object  without  ambiguity  when  this  disorder  of  tran¬ 
sitions  between  the  states  of  the  abstract  automaton  is 
induced.  Also,  since  there  is  a  variety  of  states,  the  num¬ 
ber  of  possible  false  transitions  multiplicates  and  sig¬ 
nificantly  exceeds  the  number  of  possible  disorders.  It 
restricts  application  of  the  abstract  automaton  model. 

The  authors  advance  a  new  approach  to  the  modeling 
of  failures  of  discrete  objects  which  implies  the  follow¬ 
ing. 

A  failure  of  the  components  implies  the  distortion  of 
output  information  compared  with  the  output  informa¬ 
tion  of  a  normal  component.  The  distortion  may  result 
from  the  distortion  of  input  signals,  the  distortion  of  a 
function  performed  by  the  component  or  the  distortion 
of  output  signals.  The  distortion  of  input  and  output  sig¬ 
nals  is  easily  achievable  by  applying  a  “mask”  to  certain 
inputs  and  outputs  of  the  components.  It  is  highly  intri¬ 
cate  to  describe  the  distortion  of  performance  of  intri¬ 
cate  components  (for  example  a  microprocessor)  due  to 
a  great  variety  of  failures  and  their  effect  upon  the  algo¬ 
rithm  of  performance.  Still,  it  is  always  possible  to  se¬ 
lect  the  input  and  output  distortions  of  information  with 
the  manifestations  equivalent  to  the  failures  in  the  inter¬ 
nal  structure  of  a  component. 

Consider  the  advanced  method  using  an  example  of 
combination  members.  The  combination  members  are 
characterized  by  the  fact  the  values  of  their  outputs  are 
fully  determined  by  the  input  values,  they  are  independ¬ 
ent  of  time  or  the  sequence  of  input  effects.  The  combi¬ 
nation  member  can  be  interpreted  as  a  finite  automaton 
with  a  single  state.  For  example,  the  member  of  con¬ 
junction  “2&”  is  described  in  the  following  manner: 

Ki  =  fyfy,  S(v.,  Zfy,  (p$,  y/x),  (1) 

where  A#  =  {  0,  I}x{  0,  1}  is  the  input  alphabet;  S,x=(0) 
is  the  set  of  states;  BA.  =  (0,  1}  is  the  output  alphabet; 
<P&(s.  a)  =  0  is  the  function  of  transitions; 
y/lx(s,(a,,a2))=ai  &  a2  is  the  function  of  outputs. 

To  describe  the  performance  of  combination  mem¬ 
bers  with  possible  failures  it  is  enough  to  use  the  distor¬ 
tion  of  the  output  signals  only  (Fig.  1 ). 


Fig.  1.  Structure  of  combination  device  model 
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In  this  case  the  states  of  members  are  supplemented 
by  the  disordered  state,  the  set  of  output  signals  is  sup¬ 
plemented  by  an  external  disorder  signal,  correspond¬ 
ingly  the  functions  of  transitions  and  outputs  change. 
The  disordered  state  distorts  the  function  of  output  in 
accordance  with  the  type  of  a  modeled  disorder. 

The  analysis  in  [1,2]  shows  that  constant  failures  are 
most  common  in  microelectronic  circuits  when  a  con¬ 
stant  potential  appears  at  the  output  of  a  component  as 
logic  zero  or  one.  In  this  case  the  model  becomes  still 
simpler.  Description  of  the  member  “2&”  with  the  ac¬ 
count  of  the  constant  disorder  “l-»0”  acquires  the  form: 

V&  ~  (A&  ,  S$ ,  B&  (p&  ,  y/&  ),  (2) 

where  A&  -  {  0,  l}x{  0,  l}x{0,  1}  is  the  input  alphabet, 
a3  =  0  is  the  disorder  signal;  SA'  =  (0,  1}  is  the  set  of 
states,  “0”  is  the  state  of  disorder;  B «  =  {0,  1}  is  the 
output  alphabet;  q>&  (s,a)=a3  is  the  function  of  transi¬ 
tions;  ii/&"(s,(ai,a2,a3))  =  at  &  a2&  a3  &  s  is  the  function 
of  outputs. 

The  behavior  of  discrete  objects  with  memory  is  de¬ 
termined  both  by  the  output  values  and  by  its  states.  One 
and  the  same  object  may  output  different  sequences  in 
response  to  one  and  the  same  input  sequence  depending 
upon  the  original  state  of  the  object.  Additional  distor¬ 
tion  of  internal  states  of  the  object  is  required  (Fig.  2). 
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Fig.  2.  Structural  model  of  discrete  object  with  memory 


Microelectronic  RATM  may  also  fail  in  case  com¬ 
ponents  of  the  system  output  errors  under  the  effect  of 
all  sorts  of  electromagnetic  noise.  Hence,  models  in¬ 
tended  to  evaluate  safety  of  microelectronic  RATM 
should  include  errors  in  addition  to  failures  of  compo¬ 
nents.  Errors  in  performance  are  interpreted  as  a  short- 
time  failure  [1],  The  models  of  a  component  treat  errors 
similarly  to  failures.  The  difference  is  in  the  algorithm 
of  identification  of  failures  and  errors  and  in  the  method 
of  reconstruction  of  the  characteristics  of  the  component 
after  failure  and  error.  The  failure  is  specified  before  the 
first  test  sequence  commences  and  is  removed  after  the 
last  test  sequence.  Error  may  be  specified  at  any  random 
moment  of  time  and  it  is  removed  after  a  certain  interval 
of  time  equal  to  the  error  duration. 


3.  METHODS  OF  TESTING  MICROELECTRONIC 
MEANS  FOR  SAFETY 


The  model  of  performance  of  microelectronic 
RATM  is  used  at  the  laboratory  of  safety  and  EMC  for 
testing  absence  of  dangerous  failures  and  errors  in  es¬ 


sential  microelectronic  circuits  (devices).  Special  meth¬ 
ods  and  algorithms  of  validating  the  safety  of  micro¬ 
electronic  circuits  by  performing  simulation  tests.  One 
of  the  key  tests  is  to  test  for  immunity  against  a  danger¬ 
ous  failure  (error).  Target-oriented  programming  has 
been  used  to  elaborate  the  software  of  the  module  of 
identification  of  dangerous  sates  of  combination  RATM 
devices  and  a  memory  device.  Each  standard  component 
of  the  circuit  for  study  is  described  as  a  separate  class. 
Interrelations  and  interactions  between  the  components 
of  a  circuit  are  described  by  two  matrices:  a  bidimen- 
sional  matrix  of  objects  and  a  tridimensional  matrix  of 
relations. 

Dangerous  states  are  sought  for  by  “direct”  and 
“reverse”  methods.  It  allows  to  move  flexibly  over  the 
circuit  (over  matrices  in  fact)  and  to  detect  dangerous 
states  with  an  accuracy  down  to  each  specific  compo¬ 
nent.  The  sense  of  searching  for  dangerous  states  of  a 
device  is  the  following: 

(1)  A  device  is  modeled. 

(2)  Criteria  of  dangerous  failures  and  errors  are  formu¬ 
lated. 

(3)  The  functions  of  dangerous  failures  and  errors  are 
described.  The  function  of  a  dangerous  failure  implies 
the  combination  of  the  output  effects  of  the  system 
which  result  in  dangerous  failure  at  specified  input  ef¬ 
fects  and  states  of  the  system’s  components.  For  combi¬ 
nation  devices  it  may  be  a  function  determined  by  the 
functions  of  the  logic  algebra,  for  discrete  memory  de¬ 
vices  and  microprocessor  systems  it  is  to  identify  certain 
components  of  the  model  in  one  state  of  a  given  set. 

(4)  The  circuit  is  checked  in  accordance  with  the  algo¬ 
rithm  in  Fig.  3.  Since  the  probability  of  any  dangerous 
failure  in  any  real  railway  automatic  system  is  very 
small,  it  is  necessary  to  analyze  all  possible  states  in 
order  to  determine  the  possibility  of  failures  and  errors 
of  a  certain  type  in  order  to  search  for  possible  danger¬ 
ous  states.  All  possible  input  effects  are  entered  into  the 
mode!  for  which  dangerous  failures  and  errors  are  speci¬ 
fied.  The  output  responses  of  the  model  are  registered 
and  compared  with  parameters  of  the  dangerous  failure 
function.  In  case  the  output  responses  coincide  with  the 
parameters  of  the  dangerous  failure  function,  the  dan¬ 
gerous  state  of  the  circuit  is  registered  and  the  informa¬ 
tion  is  outputted  about  the  failure  or  error  of  which 
component  results  of  dangerous  failure. 

(5)  If  the  normal  circuit  is  free  of  dangerous  states,  fail¬ 
ures  and  errors  of  various  components  of  this  device  are 
modeled.  Validation  is  repeated  until  all  registerable 
failures  and  errors  are  investigated.  Failures  and  errors 
may  occur  once  or  they  may  repeat. 

(6)  A  conclusion  is  made  about  absence  of  dangerous 
failures  and  errors  in  the  circuit  providing  the  results 
show  not  a  single  dangerous  state. 

Computer  modeling  identifies  components  and  op¬ 
eration  tacts  of  system  which  lack  EMC.  It  allows  to 
validate  the  results  of  modeling  by  testing  the  system 
using  noise  simulators  in  most  vulnerable  places  and 
operation  tacts.  Thus  the  validity  of  tests  for  EMC  of 
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intricate  systems  is  promoted  and  the  scope  of  tests  is 
reduced. 


4.  CONCLUSION 


The  laboratory  of  safety  and  EMC  has  elaborated 
software  for  checking  microelectronic  RATM  for  dan¬ 
gerous  failures  and  errors.  The  package  allows  to  create 
simulation  models  of  microelectronic  circuits  controlling 
safety  based  on  logic  components  and  memory  compo¬ 
nents,  to  enter  constant  failures  and  errors  of  the  com¬ 
ponents,  to  identify  the  responses  of  the  circuit  and  to 
compare  them  with  the  criteria  of  a  dangerous  failure  or 
error.  By  analyzing  the  behavior  of  the  system  it  is  pos¬ 
sible  to  prove  whether  the  circuit  is  safe,  to  identify 
EMC-vulnerable  components,  to  reduce  significantly  the 
cost  of  testing  with  noise  simulators.  The  complex  in¬ 
corporates  the  state-of-the-art  of  programming,  it  has  a 
convenient  interface  capable  to  image  the  results  of  ex¬ 
perimentation  ,  it  is  versatile  and  the  component  base  of 
modeled  devices  is  expandable. 

The  disclosed  methods  allow  to  achieve  high  validity 
(including  the  tests  of  large  integrated  circuits),  to  use  a 
single  algorithm  for  analyzing  microelectronic  RATM 
of  various  levels  of  complexity  (including  microproces¬ 
sors),  to  register  errors  inducing  dangerous  failures,  to 


check  the  states  free  of  dangerous  failures  in  ATM  de¬ 
vices,  including  individual  and  repeating  failures  and 
errors. 

The  new  method  has  been  validated  by  detecting 
dangerous  failures  in  a  RATM  device  and  has  mani¬ 
fested  its  suitability  for  solving  the  problems  of  certify¬ 
ing  engineering  means  at  the  laboratory  of  the  Univer¬ 
sity  of  transport.  Experiments  have  manifested  that  the 
model  and  the  elaborated  algorithms  are  highly  adequate 
for  checking  the  immunity  of  circuits  to  dangerous  fail¬ 
ures  and  errors.  At  present  studies  continue  with  the 
objective  to  crate  simulation  models  of  microprocessor 
modules,  multiprocessor  systems  and  designing  new 
types  of  tests,  like  analysis  of  the  performance  of  a  cir¬ 
cuit  in  case  of  scatter  of  time  parameters,  distortion  of 
input  signals  and  some  other  procedures  needed  for 
promoting  the  adequacy  of  tests  for  safety. 

5.  REFERENCES 

5.1  V.V.  Sapozhnikov,  VI. V  Sapozhnikov,  H.A.  Khris- 
tov,  and  D.V.  Gavzov,  “Methods  of  Designing  Safe  Mi¬ 
croelectronic  Systems  for  Railway  Automatics”,  (in 
Russian),  Moscow,  1995,  272  pp. 

5.2  V.V.  Sapozhnikov,  VI. V  Sapozhnikov,  T.I.  Ta- 
lalaev,  et  al.,  “Certification  and  Validation  of  Safety  of 
Railway  Automatic  Systems”,  (in  Russian),  Moscow, 
1997,288  pp. 

5.3  S.N.  Kharlap,  “Program  Module  to  Detect  and  Reg¬ 
ister  Errors  and  Failures  of  Microelectronic  Devices”  (in 
English),  Proceedings  of  Int.  Symp.  on  Electromagnetic 
Compatibility,  Wroclaw,  Poland,  1996,  pp.  651-653 

BIOGRAFICAL  NOTES 

Konstantin  A.  Bochkov,  Professor,  Doctor  of  Engi¬ 
neering  Sciences,  born  1950,  chief  of  the  chair 
“Automatics  and  Telemechanics”  and  head  of  research 
laboratory  “Safety  and  EMC  of  hardware”  of  the  Belo¬ 
russian  State  University  of  Transport.  Specialist  in  EMC 
of  microelectronic  safety  systems,  over  100  publica¬ 
tions.  Graduate  of  the  Belorussian  State  University  of 
Transport  (Dipl.  Eng.),  Post-graduate,  Saint-Petersburg 
University  of  Transport,  Ph.D.  Dissertation,  Saint- 
Petersburg  University  of  Transport,  D.Sc.,  Moscow 
State  University  of  Transport  Communications,  IEEE 
member. 

Sergey  N.  Kharlap  ,  born  1967,  Assistant  Professor 
of  the  electrical  Engineering  Faculty  of  the  Belorussian 
State  University  of  Transport,  Ph.D  in  Engineering  in 
the  same  University.  The  field  of  scientific  interest  is 
EMC  effect  upon  safe  performance  of  microelectronic 
circuits. 


EMC  2000 


INTERNATIONAL  WROCLAW  SYMPOSIUM 
ON  ELECTROMAGNETIC  COMPATIBILITY 


IMMUNITY  INVESTIGATION  OF  ELECTRONIC  EQUIPMENT  UNDER  SIMULATION  OF 

INDIRECT  ELECTROSTATIC  DISCHARGE 


B.N.  Faizoulaev,  V.V.  Logatchev,  K.S.  Oraevsky 
EMC  Scientific  and  Test  Center  “IMPULS” 

Russia,  Moscow,  Varshawskoe  shosse,  125,  lel./fax:  (095)  319-1645 


The  transient  analysis  is  carried  out  at  effect 
of  an  indirect  electroststic  discharge  (ESD)  on  a  cou¬ 
pling  plane  at  its  standard  connection  to  a  Ground 
Reference  Plane  (GRP)  via  a  cable  with  a  470  kQ  re¬ 
sistor  located  at  each  end  On  accordance  with  the  test 
methods  oflEC  61000-4-2),  and  also  at  direct  connec¬ 
tion  of  coupling  plane  and  GRP  via  a  2  m  length  cable 
that  simulates  grounding  cable  of  object  in  the  vicinity 
of  the  equipment  on  which  ESD  takes  place  from  the 
operator.  It  is  detected  various  character  of  transients 
from  ESD  at  two  methods  of  connection  of  coupling 
planes  and  GRP,  that  accordingly  results  in  difference 
on  immunity  levels  (in  limits  30  %  and  more).  In  view 
of  the  carried  out  analysis  with  the  purposes  of  the 
more  exact  immunity  evaluation  of  technical  equipment 
it  is  offered  to  supplement  1EC  61 000-4-2  standard  by 
the  test  on  effect  indirect  ESD  at  connection  of  cou¬ 
pling  planes  and  GRP  via  a  2  m  length  cable. 

According  to  DEC  61000-4-2  requirements, 
application  of  indirect  electrostatic  discharge  from  ESD 
generator  to  Vertical  Coupling  Plane  (VCP)  and 
Horizontal  Coupling  Plane  (HCP)  performs  when 


each  of  this  planes  connected  to  a  Ground  Reference 
Plane  via  a  cable  with  a  470  kQ  resistor  located  at  each 
end.  Therefore  it  performs  simulation  of  electromag¬ 
netic  disturbance  from  personnel  discharge  current  to 
ungrounding  objects  in  the  vicinity  of  the  equipment 
under  test  (EUT)  or  to  the  object,  on  which  EUT  in¬ 
stalled. 

For  purpose  of  safety,  the  cabinet  of  equip¬ 
ment  as  a  rule  shall  be  connected  to  the  protective 
grounding  system,  and  it  is  necessary  to  analyse  tran¬ 
sient  phenomenon  and  to  verily  immunity  level  of 
EUT  in  its  real  installed  conditions,  that  is  VCP  and 
HCP  must  connected  to  GRP  via  a  2  m  length  cable. 

This  work  considers  transient  phenomenon  of 
discharge  current  IESD(t)  at  two  cases  of  connecting 
VCP  to  GRP. 

1.  VCP  is  connected  to  GRP  via  a  cable  with  a 
470  kfi  resistor  located  at  each  end  (in  accordance 
with  the  test  methods  oflEC  61000-4-2). 

Test  network  and  appropriate  equivalent 
scheme  are  given  in  fig.  1  a,b. 
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Using  operational  conversion  (by  Karson),  we 
receive  expressions  for  discharge  current  (Iesdi)  and 
voltage  on  VCP  (UESDi): 

Iesdi  (p)  =  Uc,  ■  p  •  ti  /  A(p)  •  R,  (1) 

Uesdi  (p)  =  Uo  •  Ci  /  A(p)  •  (Ci  +  Ci),  (2) 

where  A(p)  =  p2-  t,.,2  +  p  •  t,  +  I, 
xi  =R,  -C,-  C2/(C,+C2), 
tu2  =  Li  •  Cr  C2  /  (Ci  +  C2). 

The  account  is  carried  out  at  present  values  of 
parameters: 

Uo  =2kV,  C,=150  pF,  C2=50  pF,  R,=330Q,  L,=l,5  pH. 
where  UQ  -output  voltage  of  ESD  generator  in  the  idle 
mode, 

Ci  -  energy  storage  capacitance  of  ESD  generator; 

R  -  discharge  resistance  of  ESD  generator; 


a) 


ESD  generator-  discharge  return  caBte 


L]  -  inductance  of  discharge  return  cable  of  ESD 
generator; 

C2  -  equivalent  capacitance  between  VCP  and  GRP. 

In  result  is  recieved  expressions  for  transients 
of  discharge  current  and  discharge  voltage: 

Iesdi  (0  =  17,7  •  exp(-at)  •  sin  bt,  (3) 

UesdiC)  -  1500  -  [1-1,77  ■  sin  (bt  +  0,6)  -cxp(-at)],  (4) 
where  a  =  1,1-  10*  •  c'\  b  =  0,754  •  108  •  c1 . 

Transients  of  discharge  current  lHsDi(t)  and 
voltage  UEsdi  (t)  arc  given  in  a  tig.  3  (curve  It)  and  in 
a  tig.  4  (curve  U|). 

2.  VCP  is  connected  to  GRP  via  a  2  m 
length  cable. 

Test  network  and  appropriate  equivalent 
scheme  arc  given  in  fig.  2  a,b. 


t) 
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Operational  expressions  for  discharge  current 
(Iesd2>  and  voltage  on  VCP  (Uesd2)  have  the  following 
form: 

Ibsd2(P)  =  UG  •  p  •  x,  •  (p2  •  %\,2  +  1)  /  B(p)  •  R,  (5) 
Ubsd2  (p)  =  Uo  -  xL2, 2  •  p 2  /  B(p),  (6) 

where  B(p)  =  p4  •  xL12-  xL22  +  p3-  t,-xL22  + 

+  P2-  (Tu2  +  tL212  +  XL22)  +  p  •  Ti  +  1, 

Tu2  =  Li  Cl, 
z\2  =  Lz  •  C2, 

Xj  —  Ri  •  Ci , 

r \.2 \  ~  L2  •  Cl. 

The  account  is  carried  out  at  the  values  of  pa¬ 
rameters  UG ,  Ci,  R],  Li,  indicated  in  item  1.  Capaci¬ 
tance  C2  has  expanded  by  the  distributed  capacitance  of 
cable,  connecting  VCP  and  GRP  (C2  =  60  pF).  L2  - 
inductance  of  cable,  connecting  VCP  and  GRP,  is  set 
equal  1,5  (jH. 

The  following  expressions  for  transients  of 
discharge  current  and  voltage  are  obtained  at  ESD  on 
VCP,  connecting  to  GRP  via  a  2  m  length  cable: 
lESD2(t)  -  3,84  •  exp(-at)  •  sin  (bt  +  2,2)  + 

+  10,44  •  exp(-ct)  -  13,54  -  exp(-dt)  (7) 

Uesd2  (t)  =  1255,76  -exp(-at)  -sin  (bt  -  0,55)  - 
-  394,4  -exp(-ct)  +  1053,47  -exp(-dt),  (8) 

where  a  =  0,265  •  10s  •  c'1,  b  =  1,13  •  108  -  c1, 
c  =  0,26  •  10s  -  c"1,  b=  1,41- 10*  •  c"1. 

Transients  of  discharge  current  IEsD2(t)  and 
voltage  UBSd2  (t)  are  given  in  a  fig.  3  (curve  I2)  and  in 
a  fig.  4  (curve  U2). 

Comparing  of  transients  of  discharge  current 
and  voltage  for  the  considered  two  methods  (fig.  3  and 
fig.  4)  points  on  their  essential  distinction  at  direct 
connection  of  a  coupling  plane  with  GRP 
consisting  in  expanding  of  discharge  current  pulse 


duration  more  than  three  times,  and  coupling 
plane  voltage  has  oscillatory  character  with  period 
about  60  ns. 

Experimental  research  of  immunity  of  the 
various  PC  configurations  is  carried  out.  The  results  are 
given  in  tables  1,  2.  Threshold  voltage  (Uth)  -  mini¬ 
mum  amplitude  ESD  voltage,  causing  failure  in  opera¬ 
tion  of  test  PC  configuration. 

Table  1 

Result  of  measurments  Uth.  at  effect  ESD  to  Horizontal 
Coupling  Plane 


KSD 

Polarity 

Serial 

number 

of 

PC  con¬ 
figuration 

Method  of 
HCPtogrc 
euce 

connection 
mad  refer- 
plane 

Relative 

immunity 

distinc¬ 

tion,* 

% 

via 

2x470kO 

(Uth.R, 

kV) 

via  a  2  m 
length 
cable 

(Uth.sh, 

kV) 

1 

0,6 

0,8 

+  33 

2 

1,0 

1,2 

+  20 

Plus 

3 

0,65 

0,6 

-8 

4 

2,7 

2,7 

0 

5 

2,4 

1,9 

-21 

6 

1,9 

2,1 

+  10 

1 

-1,3 

ON 

o' 

1 

-31 

2 

-1,6 

-1,0 

-37 

Minus 

3 

-1,2 

-1,3 

+  8 

4 

-2,0 

-1,9 

-5 

5 

-1,6 

-1,9 

+  19 

6 

-2,8 

-2,1 

-25 
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Table  2 

Result  of  measurmcnts  at  effect  ESD  to  Vertical 
Coupling  Plane 


ESD 

Polarity 

Serial 

number 

of 

PC  con¬ 
figuration 

Method  of 
VCP  to  gr< 
ence 

connection 
xind  refer- 
planc 

Relative 
immunity 
distinc¬ 
tion,  * 

% 

via 

2x470kQ 

(Uth.R, 

kV) 

via  a  2  in 
length 
cable 

(U*  ah, 
kV) 

1 

0,85 

1,0 

+  18 

2 

1,6 

1,8 

+  12 

Plus 

3 

1,05 

0,95 

-  10 

4 

6,5 

6,3 

-3 

5 

3,3 

3,3 

0 

6 

3,8 

4,8 

+  26 

1 

-1,5 

- 1,1 

-27 

2 

-1,9 

-1,8 

-5 

Minus 

3 

-1,4 

-1,6 

+  14 

4 

-5,8 

-6,0 

+  3 

5 

-3,2 

-2,4 

-25 

6 

-5,3 

-4,5 

-  15 

*  -  relative  immunity  distinction  (rela¬ 
tive  distinction  of  threshold  voltage)  at  two 
methods  of  conntcting  VCP  (HCP)  to  GRP  (11*  r  -  at 
connection  via  2  x  470  k£2,  Uih.si,  -  at  connection 
via  a  2  m  length  cable)  is  defined  by  a  relation 
( I  Uth  rf,  I  -  I  U,h.R  |  / 1  Uth.R  | )  •  100  %,  and  it  also  char¬ 
acterizes  relative  distinction  in  immunity  levels  at  the 
indicated  methods  of  connection. 

The  results  of  the  given  tests  (table  1,  2)  have 

shown: 

l.  When  subjected  indirect  ESD  on  VCP  and 
HCP,  immunity  of  technical  equipment 
depends  on  the  method  of  connecting  VCP 
and  HCP  to  the  grounding  reference  plane 


and  is  determined  by  features  of  element 
base,  designing  and  mounting  of  technical 
equipment. 

2.  The  experiments  have  shown,  that  at  con¬ 
nection  of  coupling  plane  to  grounding 
reference  plane  via  a  2  m  length  cable 
immunity  level  differs  from  inununity 
level  at  connection  of  this  plane  to  GRP 
via  a  cable  with  a  470  kQ  resistor  located 
at  each  end  in  accordance  with  the  test 
methods  of  IEC  61000-4-2.  This  distinc¬ 
tion  can  exceed  +  30  %. 

3.  Taking  into  account,  that  both  methods  of 
connection  VCP  and  HCP  simulate  actual 
conditions  of  maintenance  of  equipment, 
we  consider  expedient  to  supplement  IEC 
61000-4-2  standard  by  the  test  on  effect 
indirect  ESD  on  VCP  and  HCP  at  con¬ 
nection  them  to  GRP  via  a  2  m  length  ca¬ 
ble  without  resistors  at  its  ends. 


BIOGRAPHICAL  NOTES 

1.  Boris  N.  Faizoulacv 

He  was  bom  in  Moscow,  Russia,  in  1930.  He 
received  Doctor  of  Science  in  Engineering  degree  in 
1975  and  Professor  in  1980  at  Scientific  Reccarch 
Computer  Center  in  Moscow.  He  is  author  of  more 
than  200  scientific  publications  in  the  fields  of  digital 
microelectronics  and  electromagnetic  compatibility. 
Now  he  is  Director  of  EMC  Scientific  and  Test  Cen¬ 
ter  in  Moscow. 

2.  Valery  V.  Logatchcv.  Chief  of  test  labo¬ 
ratory. 

3.  Konstantin  S.  Oraevsky.  Scientist 
worker. 


INTERNATIONAL  WROCLAW  SYMPOSIUM 
ON  ELECTROMAGNETIC  COMPATIBILITY 


EMC  2000 


MULTI-SIGNAL  METHOD  TO  RECEIVER’S  SELECTIVITY  ESTIMATION 

Vladimir  B.  Trigubovich 

Belarusian  State  University  of  Informatics  and  Radioelectronics,  Radio  Systems  Dept., 
220027,  6  P.  Brovka  str.,  Minsk,  Belarus 
Tel.:  00375-0172-398067;  Fax.:  00375-0172  310914;  E-mail:  info@bsuir.edu.by 


In  this  paper  a  new  method  to  multi-signal  estimation 
of  the  receiver  selectivity  is  discussed.  Because  anal¬ 
ytical  investigation  and  computer  simulation  of  the 
receiver’s  selectivity  in  condition  of  massive  and  random 
interfering  influence  on  it  especially  taking  into  account 
non-linear  phenomena  is  very  difficult,  we  suppose 
preferable  to  estimate  receiver’s  selectivity  by  multi¬ 
signal  test  influence  reproducing  parameters  of  electro¬ 
magnetic  environment. 

1. PROBLEM  FORMULATION 

From  point  of  view  of  electromagnetic  compatibility 
(EMC)  selectivity  is  the  important  radio  receiver  char¬ 
acteristic.  Selective  devices  entering  in  structure  of  the 
receiver  permit  it  to  function  in  presence  of  natural  and 
artificial  radio  interference  (RI)  sources. 

In  these  devices  differences  in  structures  of  RI  and 
signals  are  used.  So  frequent  and  time  filters,  spatial  and 
signal  form  filters  and  other  filters  are  distinguished. 


Frequent  selectivity  is  widely  used  in  radars,  naviga¬ 
tion  and  communication  systems.  Most  fully  frequent 
selection  is  realized  in  the  frequency  filter  of  the  super¬ 
heterodyne  receiver.  The  simplified  scheme  of  such  filter 
is  given  in  figure  1. 

Here  Ampl  -  amplifier,  BPF  -  bandpass  filter, 
LO  -  local  oscillator,  fs  -  incoming  signal  frequency, 
fL0  -  frequency  of  local  oscillator,  fr  -  intermediate 
frequency  (IF). 

In  order  to  estimate  receiver  performance  under  con¬ 
ditions  of  interfering  influence  it  is  possible  to  use  at  least 
three  following  ways:  analytical  investigation,  numerical 
simulation,  measurement  of  the  receiver’s  selectivity 
characteristics  by  test  signals.  All  stated  methods  have 
the  advantages  and  lacks. 

In  present  paper  we  discuss  a  new  method  to  estima¬ 
tion  of  frequent  selectivity  of  the  superheterodyne  receiver 
under  condition  of  massive  and  random  interfering  influ¬ 
ence  on  it.  In  this  method  we  suppose  to  utilize  multi- 


Fig.  1.  Simplified  scheme  of  the  single-convertion  superheterodyne  receiver 


signal  test  influence  on  receiver  in  order  to  simulate 
electromagnetic  (EM)  interfering  environment.  Para¬ 
meters  of  signals  to  be  used  for  estimation  are  frequency 
f,  power  P,  duration  T,  time  of  incoming  t.  These  para¬ 
meters  are  according  to  EM  environment  model 
accepted. 

The  various  ways  to  estimation  of  radio  receiver  sus¬ 
ceptibility  to  interference’s  are  known,  look  [1],  [2].  The 


typical  circuit  of  an  estimation  of  susceptibility  by  a  two- 
signal  method  is  given  in  a  figure2.  Operating  by  gene¬ 
rators  Gi  and  G2,  we  can  estimate  receiver’s  susceptibility 
to  intermodulation  interferences  (method  CS03),  on 
channels  of  secondary  reception  (method  CS04),  to  cross 
modulation  (method  CS05)  in  accordance  with  MIL-STD- 
462  requirements. 
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Three-signal  tests  for  receiver  selectivity  estimation 
exist  as  well.  These  and  other  ways  allows  to  estimate  a 
susceptibility  of  receivers  to  interferences  of  the  certain 
types. 


Fig.  2.  Typical  test  configuration  to  receiver  selectivity 
measurement. 


But  when  real  EM  environment  interfering  signals, 
which  can  penetrate  through  receiver  on  main,  secon¬ 
dary  and  intermodulation  channels  of  reception  may  be 
simultaneously  applied. 

Therefore  we  offer  to  form  a  group  test  signal  that  is 
to  determine  number  of  generators  and  parameters  of 
test  signals  to  be  generated,  such  as  frequency,  duration, 
power  in  accordance  with  the  essential  characteristics  of 
EM  environment. 


For  definition  of  number  M  of  trials  acceptable  for 
adequate  receiver’s  selectivity  estimation  we  can  use  limit 
theorems  of  the  probability  theory  [5J. 

As  for  PDF  of  radio  interferences  in  frequent  domain 
co(f)  as  a  first  approach  we  suppose  RI  sources  uniformly 
distributed,  so 

co(f)=l/Df, 

where  Df  is  frequent  range  into  which  interferences  can 
penetrate  through  receiver.  RI  spectrum  width  is 
AfNk/x,  k£l, 
where  x  is  the  RI  duration. 

The  PDF  of  RIs  in  a  point  of  receiver  can  be  as  pos¬ 
tulated  or  that  it  is  more  preferable  to  be  evaluated  as  a 
histogram  for  concrete  region  and  time. 

In  analytical  investigations  in  frame  of  statistical 
theory  of  EMC  [3]  a  class  of  hyperbolic  distribution 
functions  is  used.  RI  power  has  PDF 

C0(P)=(3P'm,  Po^P^Pmax, 

where  p  is  normalizing  factor,  m  is  distribution  parameter, 
m>0,  P0  is  the  receiver’s  threshold  level.  The  amplitude 
range  D=PmM/P0  of  interfering  power  is  important 
parameters  of  EM  environment  as  well. 

Let's  give  statistical  estimation  of  RI  penetration 
through  filter  with  transfer  characteristic  on  parameter  x 
selected  in  filter  k(x),  figure  3.  Filter  model  includes 
receiver  threshold  level  P0as  well. 


2.  EM  ENVIRONMENT  MODEL 

To  define  number  N  generators  and  parameters  of 
signals  characterizing  EM  environment  it  is  possible  to 
utilize  some  of  the  following  assumptions  [3],  [4],  Let 
EM  environment  is  formed  in  general  by  L  different  RI 
sources.  The  first  approximation  to  performance  these 
sources  in  time  domain  is  a  stochastic  process  without 
aftereffect  [5]  known  as  Poisson  process.  Time  interval  0 
between  two  occurrences  of  interfering  signals  has 
probability  density  function  (PDF) 

cOj(0)=A.jexp(-X.j9), 

where  Xj  is  intensity  of  Poisson  process,  A.j=N/  /T0, 
where  N/  is  number  of  occurrences  in  observation 
period  T0,  j=l,...,L.  As  for  PDF  of  RIs  duration  co(x)  it 
may  be  improved  separately. 

Utilizing  methods  given  in  [6],  we  can  estimate 
coincidence  probability  of  2,  3,...,  k  RIs  and  mean  dura¬ 
tion  of  impulses  of  coincidence  process,  measure  of 
after-effect  in  integral  process. 

By  applying  the  queuing  theory  [7]  and  considering 
each  interfering  signal  as  the  demand  that  should  be 
servicing  by  the  generators,  we  can  define  number  of 
generators  N  necessary  for  adequate  reproduction  of  EM 
environment. 


inp 

k(x) 

> 

"out 

'(x),«(P) 

< 

M 

Pn 

Fig.  3.  Simplified  mathematical  model  for  computer 
simulation  of  one-dimensional  filter 


Electromagnetic  environment  is  defined  by  mean  of 
PDF  of  interfering  power  co(P)  in  a  point  of  receiver,  by 
distribution  of  RI  sources  on  selection  parameter  x  co(x), 
by  number  of  interfering  signals  at  the  filter  input  Nmp. 
Utilizing  direct  Monte-Carlo  simulation  [8]  and  forming 
by  random  number  generator  sequences  x;  and  Pj,  i=I,...,M 
in  accordance  with  PDFs  co(P)  and  co(x),  we  can  determine 
on  M  trials  the  probability  of  penetration  of  RI  through 
filter  as  the  ratio  Nout/M,  where  Nout  -  number  of  trials,  in 
which  interference  overcomes  a  threshold  level  P0,  M  - 
general  number  of  tests  [9],  If  the  bandpass  AX  of  the 
researched  filter  is  known,  it  is  possible  to  define  the 
attitude 

q  “  N0Ut/NiF,  (1) 

where  Nout  is  general  number  of  signals  penetrated 
through  filter  when  testing,  NAF  is  the  number  of  signals, 
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penetrated  through  it  in  pass  band  AX.  By  definition 
ri^l.  For  ideal  filter  with  the  rectangular  selectivity 
characteristic  rpl.  It  is  true  to  say  that  the  EM  inter¬ 
fering  environment  is  more  difficult  if  filter  is  less  per¬ 
fect  the  t)  is  more. 

Thus  parameter  q  allows  to  compare  selective  prop¬ 
erties  of  filters  in  conditions  of  certain  electromagnetic 
environment  [3],  [10], 

3.  FORMULATION  OF  THE  METHOD 

It  is  necessary  to  notice  that  the  use  of  superhetero¬ 
dyne  receiver  selectivity  estimations  like  as  (1)  at  numer¬ 


ical  simulation  is  complicated  because  the  model  of  the 
receiver  is  rather  complex  as  in  view  of  the  nonlinear 
phenomena  as  on  conditions  of  a  task  assuming  massive 
and  random  interfering  influence  on  it.  Therefore  we  con¬ 
sider  that  the  most  complete  information  on  receiver  selec¬ 
tivity  can  be  received  by  testing  it  by  signals  reproducing 
the  basic  characteristics  of  interfering  disturbance. 

The  block  diagram  of  the  device  for  receiver’s  frequent 
selectivity  estimation  is  shown  in  figure  4. 

A  device  for  estimation  of  receiver’s  interference 
susceptibility,  developed  in  the  EMC  for  Radio  Device 
laboratory  in  the  staff  of  the  Radio  Systems  Dept., 


Fig.  4.  Configuration  for  multi-signal  estimation  of  receiver’s  selectivity 


BSUIR  [11]  was  used  as  a  prototype. 

The  device  implementing  new  way  contains  N  gene¬ 
rators  Gi,...,Gn  controlled  by  computer,  adjustable  attenu¬ 
ator  Att]...,  AttN,  matching  device  I  for  adding  together 
the  signals  from  generators,  controlled  attenuator  Att, 
comparator,  computer.  The  receiver  to  be  investigated  is 
shown  as  well. 

The  device  estimates  selectivity  of  the  receiver  by  cri¬ 
terion  (1)  and  works  as  follows.  Before  the  measurements 
by  returning  one  of  the  generators  in  the  receiver’s  band 
we  define  sensitivity  P0  and  bandpass  of  the  receiver  AF 
at  3  dB  level.  After  definition  of  the  characteristics  AF 
and  P0  the  receiver  is  tested  by  signals  reproducing  EM 
interfering  environment. 

Signals  formed  by  the  test  generators  G|...,  Gm  with 
parameters  (frequency  f,  duration  t,  time  of  generating  t) 


to  be  determined  in  computer  according  to  the  accepted 
model  of  EM  environment  are  transferred  onto  inputs  of 
attenuators  Attj,...,  Attn  and  then  drive  to  the  matching 
device.  The  level  of  the  attenuation  is  operated  by 
computer  according  to  PDF  of  interfering  power  m(P). 

Radio  signals  from  the  output  of  matching  device  are 
applied  onto  controlled  attenuator  Att.  So,  the  group 
signal  reproducing  accepted  EM  environment  model  in 
power,  frequency  and  in  time  domain  is  formed  on  the 
controlled  attenuator  output. 

Possible  range  of  power  of  signals  on  an  output  of 
controlled  attenuator  Att  D  is  equal  to  Praax/P0,  where  P^ 
-  maximal  power  of  RI  in  the  point  of  receiver.  Number 
of  attenuation  levels  is  determined  by  required  discre¬ 
tization  to  exact  reproduction  of  PDF  of  interfering 
signals  co(P). 
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The  test  signal  from  the  attenuator  Att  output  is 
applied  onto  the  receiver  input.  The  responses  from  the  IF 
amplifier  output  are  delivered  first  to  comparator  and 
then  to  computer.  The  computer  counts  up  these. 

The  number  NAf  of  interfering  signals  penetrating 
through  the  receiver  in  bandpass  AF  in  time  T.  of  receiver 
testing  by  the  signals  reproducing  EM  environment  is 
determined  when  level  of  test  signals  is  3  dB  above  than 
threshold  level  P0. 

At  definition  of  number  Nout  of  signals  penetrating 
through  receiver  during  time  of  receiver  estimation  Ta  as 
on  major  as  on  secondary  and  intermodulation  reception 
channels,  power  of  the  test  signals  on  the  receiver  input  is 
changed  by  adjusting  of  controlled  attenuator  Att  from  P0 
up  to  Pmax  with  a  step  AP. 

The  number  of  interference’s  Naf  penetrating  into 
receiver  in  the  bandpass  AF  and  the  number  H**  of  the 
interference’s  passed  onto  output  of  the  intermediate  fre¬ 
quency  amplifier  through  basic,  secondary  and  inter¬ 
modulation  channels  of  reception  are  counted  and  the 
ratio  r|  =  Nout/N^F  that  is  numerical  estimation  of  the 
receiver’s  frequent  selectivity  is  determined. 

The  comparative  analysis  shows  that  the  offered  way 
differs  from  known  ones  that  in  it  for  the  most  complete 
estimation  of  the  receiver  to  mass  influence  of  radio  inter¬ 
ference’s  is  used  N-signal  influence  simulating  electro¬ 
magnetic  environment  on  the  input  of  the  receiver.  Para¬ 
meters  of  tire  test  signals  f,  P,  T  and  t  are  changing  from 
trial  to  trial  and  are  counted  in  accordance  with  EM 
environment  parameters. 

4.  QUANTITATIVE  DEFINITION  OF  THE  METHOD 

Characteristics  of  the  interfering  signals  in  time 
domain  determine  interfering  influence  on  receiver  in 
great  measure.  It  is  known  that  simultaneous  influence  of 
some  interfering  signals  on  receiver  is  one  of  the  causes 
for  non-linear  phenomena,  for  example  intermodulation. 
Therefore  in  order  to  estimate  parameter  of  the  test 
signals  and  number  N  of  generators  we  must  discuss 
more  carefully  EM  environment  model  in  time  domain. 

It  is  true  to  say  that  sequence  of  pulses  and  pauses 
may  be  used  for  determination  of  performance  of  different 
RI  sources  in  time  domain.  For  such  sequence  we  have 

Trt*rti  >  % 

where  T*  is  period  of  the  pulse  sequence,  t;  and  t,  are  times 
of  incoming  and  pulse  duration  correspondingly.  All  RI 
sources  are  characterized  by  mean  of  PDF  co(x)  of  pulse 
duration  and  PDF  co(u)  of  pauses  between  pulses. 
Average  sequence  period  is  equal  to  Tj=<r>+<o>,  where 
<x>  and  <u>  notes  mean  pulse  and  mean  pause  duration 
in  accordance  with  PDF  cd(t)  and  co(o).  Intensity  of  the 
random  point  flow  which  corresponds  to  the  time  of 
interferences  incoming  to  the  receiver  input  (X)  is  equal 


to  L7(<x>+<u>),  where  L  is  general  number  of  RI 
sources. 

In  order  to  simulate  interfering  influence  on  receiver 
from  L  independent  RI  sources  we  must  in  ideal  to  use  L 
generators.  But  cost  of  such  device  is  very  high.  It  is 
obviously  that  the  task  of  forming  of  group  radio  signal 
by  some  limited  number  N  of  generators,  simulating  RIs 
from  L  device  is  the  task  of  queuing  theory.  In  this  case 
every  of  interfering  signal  parameters  of  which  such  as 
duration  t,  time  of  forming  t,  frequency  f  and  power  P  are 
random  and  are  determined  from  PDFs  of  interferences 
on  corresponding  parameters  may  be  considered  as  a 
request  for  servicing  by  one  of  the  limited  number  N 
generators.  If  all  servers  (generators)  are  busy,  then 
demand  is  lost  or  is  waiting  when  server  is  free. 

Because  we  use  Monte-Carlo  scheme  for  estimation  of 
the  receiver’s  selectivity,  which  is  based  on  repetition  of 
trials,  so  loss  of  some  demands  may  be  cancelled  by 
increasing  of  number  of  tests.  It  permits  us  to  utilise 
scheme  with  losses  [7]  as  a  mathematical  model  for  our 
system.  Gain  in  decreasing  number  of  servers  from  L  to  N 
is  possible  because  of  intensity  of  demands  servicing 
p=N/<x>  may  be  more  than  intensity  of  demands  flow 
7=L/(<t>+<o>). 

The  formula  for  probability  PN  that  all  N  from  N 
servers  are  busy  and  hence  next  demand  will  be  lost  is 
known  in  queuing  theory: 

(1  /  N  !  )p  N 

rN  -  N 

Z  (1  /  k!)p  k 

k  =  0 


where  p  is 

p  =  X  /  jx  = 


w  N  ^ 


<*> 


Ut>+  <u>J  Ut>J  N  <x>+  <u> 

Figure  5  gives  dependence’s  of  loss  demand  probability 
on  number  N  generators  and  ratio  <x>/<v».  Scale  on  axis 
PN  is  logarithmical,  sign  E  notes  decimal  order  of 
number. 

General  number  of  RI  sources  L  is  equal  20.  By  fixing 
some  value  of  PN  we  can  estimate  number  N  of  servers 
(generators)  for  adequate  reproduction  of  EM  environ¬ 
ment.  If  L  is  equal  to  25 — 50  in  some  cases  3-4  servers 
can  reproduce  EM  environment  exactly.  When  L  is  100 
and  more  5-7  server  are  desirable. 

As  shown  in  the  figure,  when  ratio  <x>/<u>  is 
increasing,  probability  PN  is  increasing  as  well.  It  may  be 
explained  by  increasing  of  loading  per  server. 

Because  we  count  signals  on  the  output  of  the  receiver 
so  probability  p  of  penetration  RIs  trough  it  may  be 
estimated.  An  adequate  estimation  of  p  is  ratio  K/M 
where  K  is  the  number  of  trials  when  interference 
penetrates  through  receiver  and  M  is  the  general  number 
of  trials.  Because  number  of  trials  M  is  limited  some 
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value  of  error  in  probability  p  determination  exists.  The 
error  is  equal  to  e  =p-K/M. 


Fig.  5  Dependences  of  the  demand  loss  in  multi-signal 
testing. 


Laplace  theorem  [5]  gives  us  estimation  of  probability 
of  inequality  |  p-K/M  |  >e  as  a  function  <t>(p,M,e)  where 
<b(.)  is  Laplace  integral.  For  example  if  p=0.5, 
e=p/10=0.05  then  number  M  of  trial  equal  to  103  is 
acceptable.  If  p=0.05,  e=p/100  then  M  counted  in 
accordance  with  Laplace  theorem  is  near  106.  The  dura¬ 
tion  of  the  analysis  Ta  depends  on  necessary  number  of 
tests  M.  Time  of  analysis  Ta  may  be  estimated  approxi¬ 
mately  as  Ta«M<T>/N,  where  <T>  is  the  mean  time  for 
signal  generation  including  retuning.  As  a  first  step  to 
<T>  determination  we  suppose  it  equal  to  mean  RI 
duration  <t>.  Let  M=105,  N=3,  <x>=10‘2  sec.  Then 
Ta=103/3=330  sec.=5.5  min.  In  general  case  time  of 
receiver  estimation  is  depend  on  receiver  characteristics. 
The  receiver  is  more  perfect  the  Ta  is  lager.  By  this  way 
different  receivers  may  be  estimated  for  some  “fixed”  EM 
environment. 

In  the  device  (1 1)  that  is  the  prototype  are  used  con¬ 
trolled  generators  T4-158.  It  has  range  in  frequency 
10KHz-99.9MHz.  These  generators  also  has  inner  attenu¬ 
ators  for  adjustments  of  output  power  level  The.  As  a 
computer  is  used  standard  PC  IBM  compatible. 

Now  device  for  multi-signal  estimation  of  the  receiver 
selectivity  by  the  offered  way  is  designing. 

5.  CONCLUSION 

The  positive  effect  on  definition  of  the  receiver  selec¬ 
tivity  by  the  offered  way  in  comparison  with  known  ways 
is  that  the  more  exact  imitation  of  interfering  influence 


on  receiver  is  reached.  The  method  allows  estimating 
receiver’s  selectivity  in  condition  of  massive  and  random 
RI  influence  on  it  when  penetration  on  output  of  the 
receiver  of  RIs  trough  basic,  secondary  and  intermodula¬ 
tion  channels  of  reception  is  possible.  The  process  of 
measurement  is  completely  automated. 

In  general,  method  is  based  on  statistical  theory  of 
EMC  [3],  queuing  theory  [7],  Monte-Carlo  method  [8], 
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Intentional  electromagnetic  interference  has  become 
a  very  important  topic  for  discussion  in  the  scientific 
community.  Terrorists  or  criminals  could  cause  damage 
or  confusion  in  society's  infrastructure.  A  disruption 
could  cause  problems  with  records,  electronic  security, 
banking  records  or  even  navigation  and  communications 
systems.  As  a  community,  we  must  evaluate  the  threat  to 
society  and  act  accordingly  to  protect  our  critical 
systems.  Quantitative  evaluation  of  the  threat  requires 
execution  of  planned  experiments  and  analysis  to  assure 
ourselves  that  we  know  the  threat  and  we  know  how  well 
we  know  the  answers.  HPM  sources  can  appear  in  a 
variety  of  forms.  They  can  be  large  or  small  or  even  be 
similar  to  common  equipment.  The  sources  can  also 
radiate  a  targe  variety  of  waveforms  that  are,  in  turn 
lethal  against  a  variety  of  electronic  equipment.  This 
variation  allows  a  large  number  of  parameters  into  the 
experiment  space.  To  reach  reasonable  conclusions,  all 
of  these  parameters  must  be  explored  in  sufficient  detail 
to  reach  statistically  significant  conclusions.  That  data 
will  allow  us  to  bound  the  work  that  must  be  done  to 
protect  the  infrastructure. 

1.  INTRODUCTION 

At  their  General  Assembly  in  August  1999,  the  41 
member  nations  of  the  International  Union  of  Radio 
Science  (URSI)  issued  a  resolution  to  support  research 
into  the  criminal  uses  of  intentional  electromagnetic 
interference  (IEMI).  The  resolution  stated  that  the  illegal 
use  of  radio  frequency  (RF)  devices  against  the  civilian 
infrastructure  was  a  potential  problem  and  that  the 
member  nations  should  conduct  research  to  quantify  the 
problem.  They  further  resolved  that  member  nations 
should  conduct  research  to  uncover  possible 
countermeasures.  JPO-STC  is  studying  the 
consequences  of  the  resolution  and  the  possible  impact 
of  RF  devices  on  the  U.S.  high-technology  infrastructure. 
This  paper  represents  considerations  by  the  JPO-STC  on 
the  requirements  for  a  program  to  protect  the 
infrastructure  from  RF  attack. 


Assessing  the  impact  of  the  RF  threat  requires  that 
we  consider  who  might  threaten  the  infrastructure,  what 
tools  they  might  use,  how  they  might  employ  them,  and 
finally  how  effective  those  tools  might  be  [1],  People 
who  might  threaten  the  infrastructure  considered  here  are 
normally  not  representatives  of  nations  but  are  criminals, 
terrorists,  or  careless  users  of  RF  technology. 
Consideration  of  the  nationally  sponsored  I-IPM 
weaponeers  is  beyond  the  scope  of  this  study. 

Finding  the  effectiveness  of  the  various  transmitters 
and  antennas  that  make  up  an  RF  weapon  requires  that 
we  evaluate  the  access  the  criminal  has  to  the  target  and 
the  size  and  power  requirements  of  his  RF  weapon.  The 
further  the  criminal  can  be  kept  from  the  target  the  more 
robust  and  therefore  heavy  and  expensive  his  weapon 
must  be.  The  required  characteristics  of  the  weapon  can 
be  compared  to  the  RF  weapons  that  are  potentially 
available  on  the  open  market,  and  their  overall 
effectiveness. 

Judging  the  effectiveness  of  an  RF  weapon  in  this 
application  requires  the  most  careful  experiment  design. 
We  must  simulate  each  scenario  and  decide  if  the 
targeted  system  is  vulnerable.  The  core,  critical 
electronics  of  most  businesses  or  similar  organizations 
consists  of  computer  networks  and  support  systems. 
1  his  paper  will  describe  applied  test  and  analysis 
methods  used  to  draw  conclusions  about  the  potential  RF 
threats. 

Finally,  we  must  take  this  data  and  draw  conclusions 
about  the  protection  of  electronic  systems.  Protection 
may  include  additional  isolation,  changes  in  building 
parameters  such  as  wall  thickness  or  rebar  content,  as 
well  as  normal  electronic  hardening.  We  must  contribute 
to  the  proper  evaluation  of  risk  versus  cost  equation.  An 
EMP-like  hardening  program  is  very  expensive  and  so  it 
is  difficult  to  convince  a  system  builder  of  its  value. 
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2.  THE  THREAT 

High  power  microwave  (HPM)  weapons  can  be  used 
in  a  variety  of  situations.  They  can  be  small  and  portable 
or  they  can  tax  the  carrying  capacity  of  a  large  truck. 
The  variety  of  sizes  allows  a  large  variety  of  pulse 
shapes.  Usually,  as  the  power  and  energy  requirements 
become  larger,  the  physical  size  of  the  device  becomes 
larger.  With  the  variations  associated  with  antenna  gain 
the  weapons  themselves  are  available  with  a  large  variety 
of  parameters  [2],  These  parameters,  which  include  peak 
power,  energy  per  pulse,  pulse  repetition  rate,  duration  of 
pulsing,  and  others,  vary  the  effectiveness  of  the  source 
against  different  types  of  targets.  Effects  on  the  targets 
can  include  interference,  interruption  of  function,  or  even 
damage.  Our  challenge  is  to  balance  this  large  number 
of  parameters  and  make  quantitative  statements  about  the 
risk  to  society  of  certain  types  of  RF  weapons. 

An  HPM  weapon  usually  consists  of  a  prime  power 
supply,  a  power  conditioning  system,  a  microwave 
source  and  an  antenna.  Power  supplies  and  power 
conditioning  for  a  number  of  sources  of  the  few 
megawatt  class  are  available  commercially.  Microwave 
tubes  up  to  a  few  megawatts  and  having  a  variety  of 
center  frequencies  and  pulse  shapes  are  also  available  on 
the  surplus  market.  These  sources  are  primarily  based  on 
World  War  II  technology,  but  are  effective  even  though 
their  power  is  below  that  of  modem  laboratory  tubes. 

As  noted  in  Benford  and  Swegle  [2]  HPM 
laboratory  sources  have  been  built  that  are  much  higher 
power  than  these  commercial  devices,  but  these 
laboratory  devices  are  not  as  available  and  are  more 
difficult  to  keep  running  than  the  surplus  tubes. 

The  usual  parameter  used  for  specification  of  an  RF 
source  is  its  power  density  on  target.  Power  density  on 
target  is  a  measure  of  the  quotient  of  the  weapon’s 
effective  radiated  power  (ERP)  and  the  distance  squared. 
Using  that  technique  of  systems  analysis  assumes  that  the 
failures  in  the  systems  are  proportional  to  the  power 
density  at  the  target.  That  is  one  of  the  issues  that  must 
be  established  in  our  research  program.  Incident  power 
density  may  or  may  not  be  the  parameter  of  interest  for 
digital  electronics. 

3.  RF  EFFECTS 

RF  weapons  can  cause  damage,  disruption  or 
interference  of  electronic  systems.  The  character  of  the 
electromagnetic  waveforms  that  has  a  specified  effect  on 
a  particular  electronic  system  varies  over  a  large  range  of 
the  above  stated  parameters.  This  variability  has  a 
number  of  important  consequences  when  they  are 
injected  into  the  analysis  of  an  RF  weapon  design.  These 
weapons  can  have  this  large  variability  when  applied  to 
electronics  whether  excited  by  intended  weapons  in  the 
HPM  environment  or  within  the  context  of 
electromagnetic  compatibility  [3].  Variability  in 


lethality,  which  can  span  many  orders  of  magnitude, 
makes  it  very  difficult  to  draw  conclusions  about  the 
effectiveness  of  an  RF  weapon.  If  the  tactical 
requirement  is  harassment  or  some  other  broad  based 
threat  then  one  should  expect  some  disruption  of  the 
electronics.  On  the  other  hand,  if  the  weapon  has  to  have 
a  designed  effect  on  a  target  system  almost  every  time, 
the  requirements  on  the  HPM  source  are  severe. 

Some  electronic  systems  respond  to  power  density 
and  some  to  the  incident  energy.  LoVetri,  et  al  [4] 
describe  a  system  that  causes  PCs  to  fail  at  levels  as  low 
as  30  V/m.  The  lethal  waveform  has  a  multi-gigahertz 
carrier  that  is  modulated  and  has  a  high  duty  cycle. 
Surplus  RF  sources  and  antennas  are  available  that  will 
radiate  30  V/m  fields  at  a  kilometer  range  are  easily 
available. 

•  Another  way  to  cause  a  system  failure  is  to  use  in 
band  transmission  to  prevent  communication  between 
different  parts  of  the  system.  This  failure  mechanism  is 
closer  to  problems  that  are  observed  in  EMC  than  in 
HPM.  An  example  of  such  a  thing  might  be  the  in  band 
jamming  of  a  GPS  receiver. 

4.  EXPERIMENT  REQUIREMENTS 

Our  goal  for  an  experimental  program  is  to  provide 
clear  scientific  guidance  to  the  owners  of  infrastructure 
components  on  how  to  make  a  wise  investment  in  the 
protection  of  those  assets.  Data  required  to  support  those 
conclusions  must  include  evaluation  of  a  number  of 
HPM  devices  deployed  against  a  variety  of  targets. 
These  experiments  must  be  done  in  such  a  way  that  the 
statistical  confidence  limits  on  the  data  are  sufficiently 
tight  to  support  the  conclusions  of  the  systems  analysis. 

If  each  of  the  parameters  is  varied  “one  variable  at  a 
time”  the  number  of  tests  required  is  usually  in  excess  of 
twenty  for  each  parameter  of  interest.  For  our  situations 
the  number  of  parameters  may  vary  from  three  to  a 
dozen.  Inefficient  experiment  planning  then  leads  to 
thousands  of  experiments;  well  beyond  the  budget  of 
most  experimenters.  Use  of  “design  of  experiment”  [5] 
techniques  greatly  reduces  the  total  number  of 
experiments  required  and  introduces  a  certain  discipline 
in  experiment  planning. 

While  it  is  possible  to  estimate  the  output 
waveforms  of  the  combinations  of  antennas  and 
microwave  sources  [6],  it  is  better  to  first  prioritize  the 
available  sources  and  then  experimentally  characterize 
the  most  important  threats.  For  our  purposes  availability 
of  the  source  is  as  important  as  the  source  performance. 
That  way  information  is  available  on  the  possible  cost  of 
the  weapon  system  as  well  as  its  actual  performance.  The 
source  is  then  available  for  experiments  that  will  show 
the  effectiveness  of  the  device  against  specific  targets  of 
interest. 
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Fortov  [7]  described  a  number  of  RF  sources  that 
are  commercially  available  from  various  Russian 
vendors.  These  sources  are  mostly  compact  and  transmit 
powers  above  those  of  the  WWI1  vintage  tubes.  These 
systems  arc  available  in  a  variety  of  waveforms  and 
powers,  but  represent  a  number  of  other  sources  that 
might  later  be  threats  to  the  infrastructure. 

5.  PROTECTION  OF  THE  INFRASTRUCTURE 

This  research  program  will  lead  to  a  large  number  of 
data  points  that  will  include  various  types  of  failure 
(including  no  failure)  of  an  electronic  target  in  response 
to  a  number  of  different  types  of  illumination.  The  data 
will  require  careful  statistical  and  analytical  examination 
before  using  it  to  guide  the  owner  of  a  component  of  the 
infrastructure  on  a  smart  protection  strategy.  The  data 
will  indicate  failure  levels  and  uncertainties.  It  is  very 
important  to  carefully  determine  the  uncertainties  in  the 
stated  recommendations.  The  results  can  then  be  used  to 
suggest  system  changes.  One  of  the  easiest  changes 
might  be  to  suggest  a  fence  around  the  sensitive  building 
to  establish  a  keep-out  zone.  Other  approaches  to 
protection  could  follow  along  the  lines  of  EMC 
hardening  practices. 
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New  requirement  in  design  process  to  electronic 
system  to  be  protected  from  electromagnetic  terrorism  is 
considered.  Distinctions  of  interconnects  suitable  for 
intentional  crosstalk  are  noted.  A  general  "Guidance  on 
the  revealing  and  elimination  of  adverse  and  undesired 
effects  and  phenomena"  is  given.  Using  the  theory  of 
solving  the  invention  problems  (TRIZ)  within  the  guid¬ 
ance  is  proposed  for  design  of  electronic  systems  pro¬ 
tected  from  electromagnetic  terrorism. 

1.  INTRODUCTION 

Electromagnetic  terrorism  treat  becomes  a  problem 
which  solving  is  impossible  without  active  scientific  in¬ 
vestigations,  particularly,  by  EMC  community.  The 
public  discussions  of  the  important  topic  have  begun 
from  plenary  lecture  of  Prof.  Loborev  to  the  AMEREM 
conference  in  May  1996.  At  the  Zurich  EMC'97  Sym¬ 
posium  the  URSI  Commission  E  formed  a  subcommit¬ 
tee  on  Electromagnetic  Terrorism  chaired  by  Dr.  Wipf 
under  the  existing  URSI  Committee  on  EMP  and  Other 
Matters  led  by  Dr.  Wik.  A  review  of  the  problem  was 
published  in  plenary  paper  of  Dr.  Gardner  at  previous 
Wroclaw  EMC  Symposium  [1],  Comprehensive  work¬ 
shop  on  Electromagnetic  Terrorism  and  Adverse  Effects 
of  High  Power  Electromagnetic  (HPE)  Environments 
took  place  at  recent  Zurich  EMC'99  Symposium  [2]. 
Particularly,  systematic  and  broad  review  of  EM  terror¬ 
ism  have  been  given  and  application  of  modeling  and 
simulation  methods  to  assess  EM  terrorism  effects  have 
been  considered.  It  should  be  noted  that  some  very  in¬ 
teresting  not  published  papers  of  the  workshop  have 
been  reported  also.  Particularly,  many  photos  and  tech¬ 
nical  characteristics  of  marketable  high  power  EM 
equipment  have  been  presented  in  impressing  report  of 
vice-president  of  Russian  Academy  of  Sciences  acade¬ 
mician  Fortov.  The  report  concluded  convincingly  (and 
this  conclusion  has  been  emphasized  in  concluding  re¬ 
mark  of  Dr.  Wik  closing  the  workshop)  that  interna¬ 
tional  cooperation  in  solving  the  problem  of  EM 
terrorism  is  necessary.  At  last,  the  fact  that  the  "EM  Ter¬ 
rorism  Treat"  appeared  for  the  first  time  as  a  separate 
topic  in  call  for  papers  of  Wroclaw  EMC'2000  shows 
the  growing  actuality  and  importance  of  the  problem. 


2.  NEW  REQUIREMENT  IN  DESIGN  PROCESS 

Thus,  along  with  usual  requirement  to  electronic 
system  to  function  properly  a  new  requirement  to  elec¬ 
tronic  system  to  be  protected  from  electromagnetic  ter¬ 
rorism  arises.  To  comply  with  this  requirement  properly 
it  must  be  considered  as  early  as  possible  and  guaran¬ 
teed  as  much  as  possible  by  design  process.  The  new 
requirement  may  be  extremely  important  in  case  of 
critical  electronic  systems,  for  example,  alarm,  security 
and  access  systems,  aircraft  systems,  vital  medical  elec¬ 
tronics,  control  systems  in  atomic  industry.  The  re¬ 
quirement  is  close  to  such  well-known  ones  as 
reliability,  protection  from  unintentional  damage,  and 
electromagnetic  compatibility,  of  course.  However,  by 
author's  opinion,  it  must  be  extracted  as  a  separate  item 
due  to  its  specific  properties. 

The  EM  terrorism,  in  general,  assumes  some  inten¬ 
tional  EM  action  (excitation,  effect)  giving  some  result 
necessary  for  terrorist.  However,  the  action  may  not  be 
certainly  the  only  action,  but  it  may  be  one  of  the  set  of 
actions  (EM,  mechanical,  thermal,  chemical)  related 
with  each  other  to  reach  the  final  result.  The  actions 
may  not  be  certainly  the  straightforward  damaging  ac¬ 
tions  giving  the  fault,  but  they  may  be  hidden,  while  the 
relation  of  the  actions  may  be  very  sophisticated.  For 
example,  in  case  of  electronic  system  being  a  target  of  a 
terrorist,  an  example  of  mechanical  action  may  consist 
in  some  mechanical  change  of  electronic  system’s 
structure.  The  change  may  not  influence  on  the  main 
functioning  of  the  system  and  therefore  to  be  invisible. 
However  some  characteristics  of  the  system  (for  exam¬ 
ple,  vulnerability  to  external  EMI)  may  change  signifi¬ 
cantly  or  even  new  functions  of  the  system  may  appear 
(for  example,  interconnect  becomes  effective  antenna  or 
resonator).  Thus,  the  EM  terrorism  may  be  very  close  to 
electronic  espionage  and  sabotage. 

A  main  reason  why  similar  possibilities  becomes 
real  consists  in  availability  of  resources  understood  in 
this  text  in  broad  sense  as  the  any  that  may  promote  to 
reach  the  result  desired.  Clearly,  that  there  are  much  re¬ 
sources  where  there  is  some  redundancy.  Moreover, 
clearly  that  the  resources  may  be  used  more  successfully 
if  access  to  these  resources  is  easy. 
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3.  DISTINCTIONS  OF  INTERCONNECTS 

It  would  be  noted  that  various  parts  of  an  electronic 
system  may  comply  with  the  two  conditions:  redun¬ 
dancy  and  access.  However,  a  case  of  interconnects 
seems  to  be  especial. 

1.  Indeed,  as  an  example  of  redundant  number  of 
interconnects  a  usual  case  of  unused  wires  in  standard 
multiconductor  cable  is  well  known.  Another  examples 
of  redundancy  inherent  in  interconnects  are  the  ability  to 
be  receiving  or  transmitting  antenna  and  the  electro¬ 
magnetic  coupling  between  interconnects. 

2.  Such  usual  properties  of  interconnects'  structures 
as  the  long  extension  and  complex  networking  promote 
easy  access  to  contact  with  interconnects.  Another  ex¬ 
ample  of  easy  access  consists  in  direct  conducting  of 
possible  EM  excitation  via  a  wire  of  unshielded  part  of  a 
network  to  very  responsible  and  properly  shielded  part 
of  the  network.  The  wire  may  not  be  a  target  wire. 
However,  it  may  be  one  of  unused  (open  or  short  circuit 
at  the  ends)  or  assumed  by  designer  to  be  always 
grounded  (but  excited  intentionally  in  reality  by  terror¬ 
ist)  wires  in  multiconductor  cable. 

3.  Therefore,  if  the  wire  or  a  number  of  similar  ones 
are  electromagnetically  coupled  with  a  target  wire,  then 
an  effective  and  hidden  path  for  intentional  crosstalk  to 
possible  victim  part  of  electronic  system  may  be  con¬ 
structed. 

4.  TRIZ  CAN  HELP 

However,  let's  return  to  a  designer,  which  must  fore¬ 
see  all  possible  plans  of  EM  terrorists  and  must  design  a 
system  making  any  such  plan  to  be  doomed  to  failure. 
What  level  of  the  designer's  experience  is  necessary  for 
solving  this  problem,  which  may  be  difficult  even  for  an 
EMC  expert?  Can  we  help  to  the  designer  by  some  way 
except  the  advice  to  grow  to  EMC  expert's  level?  The 
answer  is  yes. 

The  theory  of  solving  the  invention  problems  (TRIZ, 
by  Russian  abbreviation)  can  help  very  effectively.  De¬ 
veloped  by  G.S.Altshuller  [3,4]  the  theory  was  extended 
widely  by  several  of  its  developers.  The  author  of  this 
paper  was  studying  the  TRIZ  at  Kishinev  (Moldova)  in 
1990  and  now  he  is  teaching  the  students  to  the  TRIZ  in 
Tomsk  State  University  of  Control  Systems  and  Radio¬ 
electronics.  Simultaneously  the  author  is  a  lector  on 
EMC  and  CAD  courses.  By  author's  opinion,  a  grate 
help  for  design  of  electronic  systems  protected  from  EM 
terrorism  may  be  taken  from  using  the  TRIZ  within  the 
"Guidance  on  revealing  and  elimination  of  adverse  and 
undesired  effects  and  phenomena"  composed  by  TRIZ 
developers.  It  would  be  noted  that  this  approach  is  very 
general  and  may  be  used  successfully  for  very  wide 
range  of  research  problems  in  various  systems.  Particu¬ 
larly,  a  human  being  as  a  part  of  the  system  is  consid¬ 
ered  also.  However,  for  effective  use  of  this  approach  in 
practice  the  basic  knowledge  of  TRIZ  principles  is  nec¬ 
essary.  Anyway,  all  steps  of  the  guidance  and  its  six  ap¬ 
pendixes  are  given  here  in  detail. 


5.  GUIDANCE 

ON  REVEALING  AND  ELIMINATION 
OF  ADVERSE  AND  UNDESIRED 
EFFECTS  AND  PHENOMENA 

1 .  Formulation  of  the  original  problem. 

Write  the  original  problem  using  the  following  tem¬ 
plate: 

A.  "There  is  a  (specify,  man-made  or  natural) 
system  for  (specify  the  main  function).  The  system  con¬ 
sists  of  (specify  the  main  subsystems),  the  system  is  in¬ 
cluded  in  (specify  the  main  supersystems),  the  system  is 
interacted  with  (specify  the  main  "neighboring"  sys¬ 
tems,  including  environment). 

B.  It  is  necessary  to  reveal  and  to  eliminate  the 
possibility  of  appearance  of  adverse  and  undesired  ef¬ 
fects  and  phenomena  among  the  subsystems,  among  the 
system,  "neighboring"  systems  and  supersystems." 

2.  Formulation  of  the  inverse  problem. 

Transform  the  original  research  problem  into  the  in¬ 
vention  problem  by  change  the  formulation  of  item  IB 
using  the  following  template: 

"It  is  necessary  to  make  as  much  as  possible  adverse 
interactions  among  the  subsystems,  among  the  system, 
"neighboring"  systems  and  supersystems." 

3.  The  seeking  for  the  known  methods  of  making  the 
adverse  effects. 

3.1.  Consider  the  typical  reasons  for  appearance  of  ad¬ 
verse  effects  (see  Appendix  1)  and  determine  the  possi¬ 
bilities  and  conditions  for  its  feasibility  in  the 
considered  system. 

3.2.  Consider  the  adverse  phenomena  which  are  inher¬ 
ent  in  such  and  similar  systems  and  determine  the  pos¬ 
sibilities  and  conditions  for  its  feasibility  in  the 
considered  system. 

3.3.  Consider  the  typical  ways  of  adverse  effects  on  a 
human  being:  direct  or  indirect,  through  environment  or 
through  engineering  systems,  (see  Appendix  2)  and  de¬ 
termine  the  possibilities  and  conditions  for  its  feasibility 
in  the  considered  system. 

3.4.  Consider  the  typical  results  of  adverse  influences 
on  a  human  being  (see  Appendix  3)  and  determine  the 
possibilities  and  conditions  for  its  feasibility  in  the  con¬ 
sidered  system. 

4.  Identification  and  utilizing  the  resources. 

4.1.  Consider  the  typical  "ill  points"  and  "vulnerable 
places"  of  a  system  (see  Appendix  4)  for  the  considered 
system  and  determine  the  possibility  of  appearance  in 
these  zones  the  adverse  effects  and  conditions  for  its 
feasibility. 

4.2.  Consider  the  resources  of  the  considered  system, 
reveal  such  resources,  which  are  able  to  afford  the  ap¬ 
pearance  of  adverse  effects  (see  Appendix  5),  and  de¬ 
termine  the  possibilities  and  conditions  for  feasibility  of 
the  adverse  effects  at  the  expense  of  the  revealed  re¬ 
sources. 
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5.  The  seeking  for  the  adverse  effects  by  TRIZ  data¬ 
bases. 

Consider  the  tables  and  indexes  of  physical,  chemi¬ 
cal  and  geometrical  effects  from  TRIZ  databases,  select 
such  effects,  which  have  a  chance  to  be  feasible  and  to 
give  adverse  effect  in  the  considered  system.  Determine 
the  conditions  for  the  feasibility  of  these  effects. 

6.  The  seeking  for  the  new  methods  of  making  the  ad¬ 
verse  effects. 

Use  all  TRIZ  tools  to  reveal  the  adverse  effects. 

7.  "Masking"  the  adverse  phenomena. 

Consider  the  possibility  of  adverse  effects  (revealed 
at  previous  steps)  to  be  hidden  from  timely  detection: 

7.1.  Consider  the  typical  methods  of  "masking"  the  ad¬ 
verse  phenomena  (see  Appendix  6)  and  determine  the 
possibilities  for  the  feasibility  of  these  methods. 

7.2.  Consider  the  possibility  to  solve  the  problem  of 
"masking"  the  adverse  phenomena  by  means  of  TRIZ 
tools. 

8.  Analyzing  of  revealed  adverse  effects. 

8.1.  Determine  such  revealed  effects,  which  take  place 
really  (use  TRIZ  tools  to  detect  hidden  effects,  if  neces¬ 
sary). 

8.2.  Determine  for  each  of  the  effects  the  probability  of 
appearance,  the  power  of  undesirability  and/or  danger. 

8.3.  Draw  the  cause-consequence  diagram  showing  ob¬ 
viously  for  each  of  the  effects  the  probability  of  appear¬ 
ance,  the  power  of  undesirability  and/or  danger. 

9.  Elimination  of  adverse  effects. 

Reveal  the  original  (the  very  first)  adverse  effects, 
formulate  and  solve  by  means  of  TRIZ  for  the  problems 
to  avoid  the  appearance  of  these  adverse  effects  or  to 
eliminate  their  consequences. 


6.  APPENDIXES 

Appendix  1 . 

Reasons  of  appearance  of  adverse  effects. 

1.  The  absence  of  knowledge  about  mechanisms  of 
various  mutual  couplings,  not  accounting  for  the  com¬ 
plex  chains  of  the  cause-consequence  couplings,  "solv¬ 
ing  by  force"  and  so  on. 

2.  Not  understanding  the  relation  between  adverse  and 
useful  effects,  the  aspiration  to  get  or  to  increase  the 
useful  effect  at  any  price,  the  inability  to  solve  the  dis¬ 
crepancies  and  the  invention  problems. 

3.  Not  understanding  the  nature  of  the  "systems"  ef¬ 
fects  and  of  the  appearance  of  the  new  ("systems") 
properties  of  various  systems  during  their  mutual 
working. 

4.  The  ability  of  adverse  effects  to  be  "useful"  for  aims 
of  some  people. 

5.  The  mistakes  in  design,  in  manufacturing  and  in  us¬ 
age  of  the  system  or  of  the  supersystem. 


Appendix  2. 

Typical  ways  of  adverse  effects  to  a  human  being. 

1 .  Direct  adverse  effects  on  a  human  being. 

1.1.  Mechanical  actions:  a  blow,  a  push,  pressure  dif¬ 
ference,  vibrations,  acoustic  actions  and  so  on. 

1.2.  Thermal  effects:  heating  (overheating),  cooling 
(overcooling). 

1.3.  Chemical  and  biological  effects:  upsetting  of  the 
chemical  balance  of  human  organism  (shortage  or  sur¬ 
plus  of  some  compounds  or  substances),  destructive  ac¬ 
tions,  allergic  or  mutagenic  effects,  effects  of  living 
organisms  (bacteria,  fungus,  parasites) 

1.4.  Electric  effects:  effects  of  electric  voltage  and  cur¬ 
rent. 

1.5.  Electromagnetic  effects:  effect  of  light,  effect  of 
ionizing  and  non  ionizing  radiation. 

2.  Indirect  adverse  effects  on  a  human  being  through 
environment. 

2.1.  Deterioration  of  natural  systems  guaranteeing  the 
living  of  a  human  being:  pollution  of  the  water,  air,  soil 
by  substances  being  adverse  for  a  human  being;  the  de¬ 
creasing  of  the  soil  fertility;  shrinkage  of  the  space  suit¬ 
able  for  life  and  so  on. 

2.2.  Upset  of  biological  balance.  Reproduction  of  ad¬ 
verse  species  and  reduction  of  useful  biological  species. 
Evolution  of  some  species  in  undesirable  direction. 

2.3.  Creation  in  environment  some  processes  stimulat¬ 
ing  the  adverse  effects. 

2.4.  Reduction  of  irreproducible  natural  resources  be¬ 
ing  necessary  for  human  life  and  development  of  engi¬ 
neering. 

3.  Indirect  adverse  effects  on  a  human  being  through 
engineering  systems. 

3.1.  By  means  of  interaction  of  engineering  system 
with  a  human  being:  incorrect  direction  of  development 
of  the  engineering  system,  low  quality  of  manufacture 
or  utilizing,  intentional  or  accidental  damage  and  so  on. 

3.2.  By  means  of  interaction  of  engineering  system 
with  natural  systems:  environmental  effects  (atmos¬ 
pheric  effects,  corrosion,  chemical  and  electrochemical 
processes,  effect  of  light  and  so  on),  effect  of  biological 
factors  (microorganisms,  plants,  animals),  effects  of 
natural  cataclysms  and  so  on. 

3.3.  By  means  of  interaction  of  various  engineering 
systems:  accidents  (collisions,  intentional  destruction  by 
weapon),  "systems"  effects  during  interactions,  effect  of 
interference  and  wastes  of  some  systems  to  others. 

Appendix  3. 

Results  of  adverse  effects  to  a  human  being. 

1.  Physical  disturbances:  traumata,  health  disturbances, 
decreasing  of  immunity,  professional  illness,  deteriora¬ 
tion  of  state  of  health,  decreasing  of  life  deadline,  dam¬ 
age  of  genetic  fund  and  so  on. 

2.  Psychical  disturbances:  psychical  illnesses,  hypo¬ 
chondria,  depression,  deformation  of  a  set  of  moral 
valuables,  conformism,  morale  disturbances  and  so  on. 

3.  Emotional  disturbances:  creation  of  stresses,  de¬ 
creasing  of  satisfaction  by  life,  disturbance  of  emotional 
balance  and  so  on. 
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4.  Social  disturbances:  destruction  of  various  relations 
of  people  (cognate,  friendly,  professional  and  so  on), 
disturbance  of  structure  of  society,  creation  of  various 
kinds  of  discrimination  (national,  racial,  religious,  sex¬ 
ual,  by  age). 

5.  Intellectual  disturbances:  increase  of  psychological 
inertia,  total  decreasing  of  intellectual  abilities  (logical 
thought,  memory,  ability  to  the  critical  perception  and 
so  on),  disturbance  of  ability  and  of  need  to  create  a 
new,  distortion  of  information  and  of  the  ability  to  take 
up  and  to  analyze  the  information  and,  as  a  result,  to 
orient  in  life  and  so  on. 

Warning.  It  would  be  noted  that  the  various  kinds  of  ad¬ 
verse  effects  on  a  human  being  (Appendix  2)  are  closely 
coupled.  The  results  of  adverse  effects  to  a  human  being 
(Appendix  3)  are  closely  coupled  too.  For  example,  one 
effect  may  result  in  a  number  of  disturbances. 

Appendix  4. 

Typical  "ill  points"  and  "vulnerable  places"  of  systems. 

1 .  Zones,  where  the  flows  of  matter  or  energy,  passing 
through  the  system  are  concentrated  (for  example,  zones 
of  concentration  of  mechanical  forces,  zones  of  electri¬ 
cal  overvoltage  and  so  on), 

2.  Zones,  which  are  subject  to  the  effect  of  high  inten¬ 
sity  fields  (for  example,  of  the  vibrations,  loads  with 
alternating  signs,  "dry"  friction,  high  temperature,  active 
chemical  matter  and  so  on). 

3.  Zones  and  units,  offering  the  big  number  of  various 
services. 

4.  Zones  of  a  junction  of  various  systems  and  subsys¬ 
tems. 

5.  Zones,  which  the  inconsistent  requirements  are 
specified  to  (i.e.  there  are  unsolved  discrepancies). 

Appendix  5. 

Resources  promoting  to  appearance  of  adverse  effects. 

1.  Material  resources:  materials  being  in  system  and 
subsystem,  ancillary  materials  (for  example,  lubricant 
and  so  on),  a  raw  material,  products,  waste,  materials 
from  environment. 

2.  Energy  resources:  the  (mechanic,  thermal,  electro¬ 
magnetic)  energy  flows  being  in  system,  subsystem  and 
environment. 

3.  Space  resources:  free  space  or  partly  non-occupied 
space  in  system,  subsystem  and  environment. 

4.  Time  resources:  the  various  periods  during  the 
preparation  of  system  to  function,  during  the  function¬ 
ing  of  system  and  after  the  functioning  of  system  and 
supersystem. 

5.  Functional  resources:  the  ability  of  system,  subsys¬ 
tem  or  environment  to  execute  unforeseen  functions. 

6.  Systems  resources:  the  effects  appearing  due  to  the 
mutual  coupling  of  two  or  more  systems  (resonant  phe¬ 
nomena,  self-synchronization,  synergism  and  so  on). 

7-  Change  resources:  any  changes  occurring  in  the 
system,  subsystem  and  environment  (unforeseen  effects 
appearing  because  of  some  intentional  actions). 


Appendix  6. 

Typical  means  of  "masking"  the  adverse  phenomena. 

1 .  Appearance  of  adverse  effects  in  the  course  of  time. 

2.  Appearance  of  adverse  effects  under  extremal  con¬ 
ditions. 

3.  Appearance  of  adverse  effects  under  seldom  occur¬ 
ring  circumstances  or  under  seldom  combined  condi¬ 
tions. 

4.  Appearance  of  adverse  effects  because  of  long  con¬ 
sequence  of  interactions  in  the  system. 

5.  Appearance  of  adverse  effects  because  of  qualitative 
steps  Gumps)  after  some  quantitative  changes  in  system. 

6.  Appearance  of  adverse  effects  because  of  action  of 
special  mechanisms  (for  example,  "releasing  hook", 
"avalanche",  chained  reaction  with  positive  feedback, 
catalyzed  reactions  and  so  on). 

7.  Appearance  of  adverse  effects  at  the  expense  of 
"systems"  interactions  (because  of  unforeseen  interac¬ 
tions  of  various  systems). 

7.  ACKNOWLEDGMENT 

T.R.Gazizov  thanks  N.I.Bazenkov  for  enthusiasm  on 
scientific  work  and  A.  V. Gazizova  for  great  support. 

8.  REFERENCES 

8.1.  R.L. Gardner,  "Electromagnetic  terrorism.  A  real 
danger",  Proceedings  of  the  14-th  Int.  Wroclaw  Sympo¬ 
sium  on  EMC,  Wroclaw,  Poland,  June  23-25,  1998, 
pp. 10-14. 

8.2.  M.W.Wik,  "Electromagnetic  Terrorism  and  Ad¬ 
verse  Effects  of  High  Power  Electromagnetic  (HPE) 
Environments",  papers  of  workshop,  Supplement  to 
Proc.  of  the  13-th  Int.  Zurich  Symp.  on  EMC,  Zurich, 
Switzerland,  February  16-18,  1999,  pp.  179-200. 

8.3.  G.S.Altshuller,  "Creativity  as  an  exact  science" 
(Russian),  "Soviet  radio",  Moscow,  1979. 

8.4.  G.S.Altshuller,  "To  find  an  idea"  (Russian),  "Sci¬ 
ence",  Novosibirsk,  1986 

BIOGRAFICAL  NOTE 

Gazizov  Talgat  Rashito¬ 
vich  was  bom  in  1963. 
He  got  his  higher  profes¬ 
sional  education  on  radio¬ 
engineering  in  1985  in 
the  Tomsk  Institute  of 
Automatic  Control  Sys¬ 
tems  and  Radioelec¬ 
tronics  and  Ph.D  degree 
in  1999.  His  research 
interest  is  signal  integrity 
problem.  Now  he  is 
working  toward  Doctor 
of  Sciences  degree. 


EMC  2000 


INTERNATIONAL  WROCLAW  SYMPOSIUM 
ON  ELECTROMAGNETIC  COMPATIBILITY 


THE  HUMAN  HEALTH  DEPENDENCE  ON  THE  GEOMAGNETIC  ACTIVITY 

V.  P.  Kuleshova  and  S.  A.  Pulinets 

IZMIRAN,  Troitsk  Moscow  Region,  142190,  Russia,  FAX:+7-095-3309607,  E-maii:  pulse@izmiran.rssi.ru 


It  is  shown  and  statistically  confirmed  the 
growth  of  daily  trauma  occurrence  during  global 
geomagnetic  storm  periods.  The  daily  data  do  not 
permit  to  reveal  the  effects  of  short-time 
geomagnetic  disturbances  of  natural  or 
technogenic  character  on  the  acute  mental  and 
cardiovascular  pathologies 

1.  INTRODUCTION 

One  of  the  important  factors  of  outer  space  origin 
having  impact  on  biosystems  is  the  variations  of 
geomagnetic  field.  The  complexity  of  the  problem 
is  connected,  particularly,  with  the  fact  that  the 
objects  under  study  have  their  biophysical 
individuality  changing  during  the  object  life  under 
action  of  endogenic  and  exogenic  factors.  That’s 
why  the  probability  techniques  are  used  to 
estimate  the  biotropic  effects  of  the  geophysical 
processes,  it  was  shown  in  [1]  the  statistically 
confident  with  confidential  probability  P=0.95  the 
effect  of  the  geomagnetic  storms  in  the  form  of 
growth  of  daily  number  of  heavy  mental  and 
cardiovascular  diseases  by  factor  1.5-2  during  the 
storm  period  in  comparison  with  undisturbed 
periods. 

2.THE  SERIOUS  TRAUMAS  DURING 
GEOMAGNETIC  STORM  PERIOD 

The  present  paper  deals  with  the  effect  of 
planetary  geomagnetic  storms  [2]  on  the  daily 
occurrence  of  serious  trauma  fixed  by  Moscow 
ambulance  with  subsequent  hospitalization  (period 
of  March  1983  -  September  1984,  225  thousands 
cases  totally).  Accomplishment  of  random  event 
criterion  permits  to  estimate  the  event  probability 
with  the  help  of  confidential  interval,  which  was 
selected  as  0.95.  As  well  as  in  [1,3],  the  7-day 
variation  with  maximum  on  Friday-Saturday, 
connected  probably  with  the  social  causes,  was 
excluded  from  the  raw  data.  The  amplitude  of  this 
variation  was  ~  100  hospitalizations  per  day.  The 
background  of  seasonal  (yearly)  variations  was  not 
excluded  because  it  does  not  exceed  the  standard 


mean  deviation.  On  the  Fig.  1  are  presented  the 


Fig.l  Distributions  of  daily  occurrence  of  serious  trauma 
:  for  quiet  conditions  (dashed  line)  and  for  magnetic 

1  storm  periods  (solid  line) 
trauma  ( p )  for  quiet  geomagnetic  conditions  and 
during  geomagnetic  storms.  One  can  see  that 
distribution  for  the  geomagnetic  storm  period  is 
shifted  to  the  large  number  of  hospitalizations.  The 
confidential  intervals  are  shown  on  the  picture  by 
vertical  lines  and  they  do  not  intersect  for  the  quiet 
and  disturbed  conditions  what  means  that  the 
trauma  occurrence  growth  is  connected  with  the 
geomagnetic  storms.  It  could  be  the  attention 
weakness,  de-coordination  of  movements  and 
other  malfunctions  of  human  organism.  The 
present  analysis  permits  to  make  the  quantitative 
estimation  of  the  biotropic  effect.  The  sum  of 
hospitalizations  for  ranges  which  do  not  exceed 

the  average  daily  occurrence  (AN  =  330)  during 
geomagnetic  storms  is  0.55  while  for  the  quiet 
periods  it  equals  0.86.  For  the  ranges  higher  than 
daily  mean  occurrence  these  numbers  are  0.45 
and  0.14  respectively,  it  means  that  low  number  of 
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hospitalizations  happens  1.5  times  (0.86:0.55) 
more  during  quiet  periods  that  during  the 
geomagnetic  storms,  and  contrary,  the  high 
number  of  hospitalizations  happens  3  times  more 
frequently  (0.45:01.4)  during  geomagnetic  storm 
period.  The  seasonal  variations  of  the  biotropic 
effects  for  trauma  events  were  not  revealed. 

3.  ACUTE  MENTAL  AND  CARDIOVASCULAR 
PATHOLOGIES  DURING  SORT-TIME 
GEOMAGNETIC  DISTURBANCES 

It  was  shown  in  [3]  that  biotropic  effect  in 
acute  mental  and  cardiovascular  pathologies  does 
not  depend  on  the  intensity  of  the  planetary 
geomagnetic  storm.  It  is  of  interest  to  regard  the 
dependence  of  the  short-time  geomagnetic 
disturbances  representing  the  substorms  effects  or 
the  local  technogenic  effects.  The  same  database 
(March  1983  -  October  1984)  was  used  for  the 
analysis.  The  periods  without  the  magnetic  storms 
analyzed  in  [1]  were  divided  for  the  quiet  intervals 
when  during  the  whole  day  the  K-index  did  not 
exceed  3,  and  intervals  of  the  short-time 
geomagnetic  disturbances  with  the  duration  no 
less  than  12  hours  when  the  K-index  exceeded  3 
at  least  for  one  30hour  interval.  The  total  number 
of  days  under  analysis  was  352,  form  then  there 
were  200  quiet  and  152  with  short-time 
disturbances.  The  IZMIRAN  magnetic  observatory 
data  [2]  were  used  for  the  K-index.  The 
hospitalization  occurrence  data  of  Moscow 
ambulance  for  the  suicide  (2-23  cases  per  day), 
mental  deceases  (10-60  cases  per  day), 
myocardial  infarction  (5-70  cases  per  day)  and 
brain  vessels  defeat  (16-80  cases  per  day)  were 
used.  As  in  the  previous  analysis  [1,3]  the  data 
were  “cleaned”  from  the  week  variation.  The 
background  of  seasonal  (yearly)  variations  was  not 
excluded  because  it  does  not  exceed  the  standard 
mean  deviation.  The  similar  to  Fig.1  distributions 
were  built  for  every  of  pathologies  for  quiet  and 
disturbed  periods.  The  examples  of  distributions 
for  suicides  and  myocardial  infarction  are  shown  in 
Fig. 2.  On  can  se  that  the  curves  practically 
coincide  (the  same  effect  is  for  other  kinds  of 
regarded  pathologies).  The  absence  of  obvious 
effect  does  not  mean  the  absence  of  the  effect  of 
sort-time  geomagnetic  disturbances.  The  biologic 
response  probably  exists  but  is  within  adaptation 
possibilities  of  organism  [4]  or  the  analysis  needs 
more  detail  time  scale,  shorter  than  one  day. 

4.  CONCLUSIONS 

The  statistical  analysis  of  daily  occurrence  of 
hospitalization  by  Moscow  ambulance  for  different 
deceases  gave  the  following  results: 

1.  with  confidential  probability  P=0.95  the 
effect  of  the  planetary  geomagnetic 
storms  on  the  heavy  trauma  occurrence  is 
demonstrated.  The  trauma  occurrence 
exceeding  the  mean  daily  number  for  the 


whole  regarded  period  growth  by  3  times 
during  geomagnetic  storms  in  comparison 
with  the  quiet  period. 

2.  daily  sampling  does  not  permit  to  reveal 
the  effect  of  the  short-time  geomagnetic 
disturbances  of  natural  and  technogenic 
nature  on  the  occurrence  of  acute  mental 
and  cardiovascular  deceases 
The  present  paper  was  supported  by  the  Russian 
Foundation  of  Basic  Research,  project  98-05- 
64286. 


Fig. 2  Daily  occurrence  distributions  for  suicides  (a) 
and  myocardial  infarction  (b)  for  quiet 
(dashed  line)  and  disturbed  (solid  line) 
conditions 
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1.  ABSTRACT 

The  ELF  magnetic  pulses  may  penetrate  tissues 
and  cells  interfering  their  functions  by  induction  cur¬ 
rent.  The  magnetic  pulses  of  1.2  Hz,  3  Hz,  4  Hz,  and  5 
Hz  of  unknown  origin  were  measured.  Such  pulses  of 
peak  B  induction  50  pT  to  1000  pT  are  able  to  induce 
behavioral,  mental,  mood,  free  will,  and  even  fatal  vital 
disorders.  The  International  Convention  is  needed  for: 
elaboration  of  the  advanced  instruments  and  methods  to 
measure  such  pulses;  identification  and  localization  the 
sources  of  such  pulses;  cancellation  and  forbidding 
generation  and  emission  of  EM  ELF  waves,  and  pulses 
interfering  IEMPh  in  human  organism. 

2.  INTRODUCTION 

The  knowledge  concerning  the  intrinsic  elec¬ 
tro-magnetic  phenomena  (IEMPh)  in  human  organism  is 
so  advanced  that  there  are  technical  possibilities  to  in- 
flence,  at  least,  some  its  vital  functions  by  determined 
electro-magnetic  waves  and/or  pulses  of  external  origin. 
Especially,  the  magnetic  pulses  of  extremely  low  fre¬ 
quency  (ELI7)  may  penetrate  tissues  and  cells  interfering 
their  functions  by  induction  current  (9.5). 

IEMPh  in  the  distinct  regions  of  brain  accom¬ 
pany  the  cognitive  processes  through  the  sensory  sys¬ 
tem,  the  internal  activities  of  the  organism,  motor  activ¬ 
ity,  and  mental  activity.  The  heart  action  is  accompanied 
by  very  regular  IEMPh  arising  in  the  heart  automacity 
centers. 

The  IEMPh  from  fraction  of  Hz  to  tens  Hz  in 
nervous  system,  heart,  and  muscles  are  targets  for  exter¬ 
nal  intrusions  which  might  be  nonintentional  or  inten¬ 
tional,  and  beneficial  or  non  compatible.  IEMPh  in  state 
of  human  health  and  diseases  are  vulnerable  to  well 
adjusted  electromagnetic  waves  and/or  pulses  able  to 
induce  behavioral,  mental,  mood,  free  will,  and  even 
fatal  vital  disorders. 

It  is  reasonable  time  to  establish  the  interna¬ 
tional  regulations  for  identification  and  localization  of 
sources  of  such  intentional  or  nonintentional  ELF  E-M 
waves  and  pulses  interfering  IEMPh  in  the  human  or¬ 
ganism. 


3.  MATERIALS  AND  METHODS 

During  testing  the  simple  measuring  set,  char¬ 
acterized  below,  it  has  been  observed  its  indication 
magnetic  field  pulses  having  few  Hz  frequency.  This 
observation  was  encouraging  for  further  reading  of  such 
pulses.  The  set  involved  the  selective  nanovoltmeter 
switched  to  25  dB  octave  selectivity  and  high  time  con¬ 
stant,  and  special  coil  receiver  (styrophoam  model  of 
man  covered  by  turns  of  copper  foil  belts  (0.5  cm) 
spaced  by  0.5  cm  gapes).  Each  of  output  ends  of  this 
coil  was  loaded  with  1  kD  resistor  (9.1). 

Using  this  set  the  incident  ELF  magnetic  pulses 
have  been  observed  occasionally  since  1991  in  labora¬ 
tory  and  domestic  environments  in  big  town. 

4.  RESULTS 

Low,  mild,  and  high  repetition  pulses  with 
changing  time  course  and  peak  induction  values  were 
observed  in  frequencies  1.2  Hz,  3  Hz,  4  Hz,  and  5  Hz 
which  denote  pathological  functions  of  the  brain  in  the 
adult  humans.  At  the  time  of  all  observations  the 
switching  on  and  of  light  in  the  laboratory  and  domestic 
rooms  has  been  avoided. 

In  general,  four  time  courses  of  the  pulses  were 
observed  (fig.  1):  1)  single  pulse;  2)  single  pulse  with 
two  successive  peaks;  3-4)  pulses  with  two  or  three 
peaks  with  intervals.  The  first  pulse  in  series  started 
always  from  nul  value. 

At  frequency  8  Hz,  10  Hz,  and  20  Hz  the 
pulses  were  regularly  of  low  induction  value.  Moreover, 
at  20  Hz  the  pulses  started  from  stable  value  of  10  pT. 
At  40  Hz  and  50  Hz  ther  were  indications  of  stable 
induction  values  (table  1). 

Periodically  the  magnetic  pulses  were  still 
more  modulated  in  their  time  course.  The  pulses  have 
been  observed  in  various  time  of  day  and  they  were  of 
higher  repetition  rate  in  time  of  regional  political  activ¬ 
ity  and  tension,  of  some  military  events,  and  of  some 
international  conflicts.  The  pulses  showed  the  peak 
induction  B  on  average  50  pT  to  over  1000  pT,  and 
time  derivative  of  0.1-10  mT/s.  It  has  not  been  per¬ 
formed  detailed  analysis  of  observed  magnetic  pulses 
which  were  of  unknown  origin. 
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Table  1.  B  induction  values  of  observed  pulses  at 
6:45  p.m.  on  2000-01-29 


Hz 

Peaks,  pT 

mT/s 

1.2 

120, 

1000 

0.64,  5.35 

3 

50, 

240 

0.66,  3.23 

4 

110, 

150 

1.95,  2.63 

5 

90, 

140 

1.98,  3.10 

8 

70, 

90 

2.50,  3.20 

20  (stable) 

10 

0.9 

20  (peak) 

70 

6.3 

40  (stable) 

60 

10.5 

50  (stable) 

320 

71.0 

/ms/s 


5.  DISCUSSION 

The  neuron  (nerve  cell)  with  input  dendrites 
and  output  axon  is  basic  functional  unit  of  nervous  sys¬ 
tem.  A  typical  neuron  in  the  cerebral  cortex  receives 
inputs  from  thousands  of  similar  neurons  and  transmits 
signal  to  thousands  of  other  neurons.  Such  connections 
are  made  by  synapses.  Each  functional  unit  exhibits 
resting  potential  of  -70  mV  (polarization)  which  after 
firing  the  unit  changes  to  action  potential  of  +40  mV 
(depolarization). 

After  receiving  imput  stimulus  from  outside  or 
inside  of  the  body  the  specific  nerve  cells  are  firing  in 
response  for  appropriate  time  and  then  the  firing  poten¬ 
tial  decreases  progressively  but  in  case  of  stronger  new 
stimulus  the  response  of  nerve  cell  may  be  increased 
again  (fig.  2).  Such  processes  in  nerve  cells  follow  the 
algorithm  which  is  adequate  to  kind  and  strength  of 
stimuli  (9.2). 

The  observed  magnetic  pulses  look  to  have 
inverse  course  in  respect  to  courses  of  firing  of  nerve 
cells.  The  magnetic  pulses  penetrating  tissues  induce 


current  responsible  for  tissue  excitation.  The  threshold 
current  density  for  brain  excitation  is  about  0.1  pA/cm2. 
Such  current  density  in  the  brain  tissue  may  be  induced 
by  magnetic  pulse  of  1-10  mT  in  the  frequency  range 
1-40  Hz. 


Fig.  2.  a)  resting  (r)  and  action  (a)  potential  of  nerve 

cell;  b)  strength  of  input  stimulus;  c)  response  of 
nerve  cell 


Fig.  3.  a )  Group  of  nerve  cells.  Asterisk  denotes  natural 
stable  periodic  point  susceptible  for  perturbation; 
b )  Chaos  of  potentials;  c )  synchronization  after 
application  of  small  current;  d )  desynchroni¬ 
zation  after  application  of  another  small  current 
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Within  the  frequency  range  of  brain  potentials 
there  have  been  distinguished,  among  others,  the  main 
alpha  waves  8-12/13/  Hz,  beta  waves  /13/14-40  Hz, 
theta  waves  4-7  Hz,  delta  waves  0.5-3.5  Hz.  During 
brain  activity  such  oscillations  of  action  potential  of 
great  number  of  individual  nerve  cells  must  be  synchro¬ 
nized.  This  processe  may  be  perturbed  by  relatively 
small  current 

In  respect  to  synchronization  of  action  poten¬ 
tials  within  the  brain  the  theory  of  chaos  control  has 
been  applied  (9.6).  There  is  chaos  in  the  action  poten¬ 
tials  of  thousands  of  nerve  cells  engaged  in  any  neural 
processe.  Such  chaotic  potentials  must  be  synchronized 
on  synaptic  and/or  gape  junction  levels.  However,  in 
particular  group  of  nerve  cells  there  are  determined 
natural  stable  periodic  points  responsible  for  initiation 
of  potential  synchronization  after  small  perturbation  e.g. 
by  current  of  few  to  tens  pA.  In  this  way  chaos  of  po¬ 
tential  may  be  controlled.  If  such  perturbation  is  apply 
to  stable  periodic  point  in  state  of  potential  synchroni¬ 
zation  the  potentials  become  again  chaotic  (fig.  3)  what 
is  called  anticontrol  effect.  The  theory  of  chaos  control 
is  very  promising  for  explanation  of  brain  disorders 
under  the  influence  of  ELF  magnetic  pulses. 

6.  NEED  FOR  A  CONVENTION 

At  International  Wroclaw  Symposium  on 
Electromagnetic  Compatibility  held  in  1990  the  atten¬ 
tion  has  been  called  on  the  need  to  control  the  electro¬ 
magnetic  chaos  in  environment  (9.4).  Now  aboves  sug¬ 
gestion  can  be  sustained  and  extended  by  the  proposal 
to  establish  the  International  Convention  for  protection 
of  the  intrinsic  electromagnetic  phenomena  in  the  hu¬ 
man  organism  against  the  extremely  low  frequency 
electro-magnetic  waves  and  pulses. 

Such  the  convention  should  contain  regulations 
as  follows. 

1.  Professional  elaboration  of  the  advanced  instruments 
for  measurement  of  EM  waves  and  pulses  having  physi¬ 
cal  characteristics  comparable  to  lEMPh  in  human  or¬ 
ganism. 

Identification  of  ELF  EM  waves  and  pulses 
from  fraction  of  Hz  to  tens  of  Hz  may  be  accomplished 
by  simple  and  advanced  instrumentation.  The  simple  set 
including  rod  and  coil  antenna,  and  sensitive  selective 
voltmeter  makes  possible  identification  frequency,  am¬ 
plitude,  and  time  course  of  EM  waves  and  pulses.  The 
advanced  instrumentation  including  above  mentioned 
receiving  antenna,  frequency  analyzer,  and  computer 
aided  algorithm  will  be  needed  for  spectral  analysis  of 
waves  and  pulses. 

2.  Institutional  identification  and  localization  of  sources 
of  intentional  or  nonintentional  EM  waves  and  pulses 
with  potentional  interference  to  lEMPh  in  human  or¬ 
ganism. 

For  localization  of  sources  of  ELF  EM  waves 
and  pulses  from  fraction  of  Hz  to  tens  of  Hz  the  highly 
advanced  instrumentation  is  needed. 


3.  Regulations  of  legal  generation  and  emission  of  ELF 
EM  waves  and  pulses  interfering  lEMPh  in  human 
organism.  Restriction  of  cancellation  and  forbidding 
generation  and  emissions  of  such  waves  and  pulses 
should  be  taken  into  power  decision. 

7.  ACTUAL  AND  POSSIBLE  APPLICATIONS 
OF  ELF  MAGNETIC  PULSES 

A.  Applications  of  magnetic  pulses  from  near  distance 
(e.g.  through  coil  electrode). 

1.  Low  repetition  rate  of  single  magnetic  pulses  are 
applied  for  transcranial  magnetic  stimulation  (TMS)  or 
transmural  magnetic  stimulation  for  detection  of  motor 
and  sensory  dysfunction  in  central  and  peripheral  nerve 
routes. 

2.  Rapid  rate  transcranial  magnetic  stimulation  (rTMS) 
for  treatment  of  schizophrenic  depression  and/or  some 
other  psychiatric  disorders. 

3.  TMS  and/or  sTMS  for  scientific  investigations,  under 
allowance  of  ethic  commission,  for  cognition  of  changes 
in  association,  mood,  behavioral,  free  will,  and  other 
psychological  phenomena  in  volunteers. 

B.  Some  applications  of  magnetic  pulses  from  remote 
transmitters. 

1.  Intrusions  with  magnetic  pulses  to  single  or  to  group 
of  crimes  or  terrorists  to  make  them  susceptible  for 
verbal  persvassions  to  abandon  illegal  action. 

2.  Intrusions  with  modulated  magnetic  pulses  to  hu¬ 
mans: 

a)  to  suppress  or  to  sustain  the  mass  aggression  after 
appropriate  propaganda; 

b)  to  make  the  people  susceptible  to  illusive  suggestion 
for  political  or  military  purposes; 

c)  to  disable  people  for  critical  thinking. 

8.  CONCLUSIONS 

1.  The  attention  is  called  to  ELF  EM  pulses  possibly 
interfering  intrinsic  EM  phenomena  in  human  organism. 

2.  It  is  claimed  to  establish  the  International  Convention 
for  reasonable  control  of  such  interference. 
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leader  in  the 
services  to  the 
66%  of  500 
largest  Polish  businesses  have  already 
chosen  Plus  gsm. 

Why  do  these  leading  companies  choose 
Plus  gsm?  ... 

•  we  guarantee  the  highest  quality  of  service 

•  we  offer  solutions  adjusted  to  individual 
requirements 

•  we  are  constantly  introducing  new  state 
of  the  art  technologlei'  J 

Our  success  is  built  on  the  trust  of  our 
clients.  We  would  like  to. thank  all  our  "V 
corporate  clients  and  wish  them  many 
successful  business  conversations.  * 
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M.Pietranik@il.wroc.pl 

1  EMC  measurements 
I  according  to  IEC-61 000-4- 
-2/3/4/5/6/11, 

I  EN-5501 1/1 3/1 4/20/22, 

I  ISO-7637  standards 

§  Expert  opinions, 
measurements  in  situ,  advice 
y  on  compliance  with  EMC 
I  Directive  (89/336/EEC) 

|  Advice  on,  and  organisation 
}  of  measurement  set-ups,  test 
I  equipment  completion, 

|  Design  and  delivery  of 
|  specialised  measuring 
1  equipment, 

|  Development  of  software  for 
|  automatic  EMC 
1  measurements 

Verification  of  parameters  of 
|  EMC  test  equipment  used  for 
emission  measurements; 
l  special  laboratory  certified  b 
j  the  Polish  Central  House  of 
I  Measures  (GUM) 


W.Sega@il.wroc.pl 

;  Many  years'  experience  in 
:  radio  network  planning  and 
%  development  of  frequency 
|  management  support 
1  systems  for  government  and 
I  private  sector 

1  Turn-key  systems  containing 
I  all  you  need  to  solve  your 
I  frequency  management 
.  problems 

|  Creation  of  planning  tools, 

1  propagation  models,  and 
1  digital  terrain  models 

I  Seminars  in  network 
1  planning,  network 
optimization,  spectrum 
•  engineering,  and  spectrum 
1  management 

1  Evaluation  of  trends  in 
1  spectrum  management 

.  Strategic  spectrum  planning 
1  (evaluation  of  spectrum 
J  requirements  and  availability, 
I  and  spectrum  allocation 
I  plans) 

J  Studies  on  strategy  for 
j  introducing  the  new 
I  radiocommuniaction  services 


M.Kaluski@il.wroc.pl 

|  Spectrum  monitoring  systems 
J  in  frequency  range  0,1  MHz 
j  to  3  GHz.  Design,  turn-key 
I  delivery,  installation,  service 

|  EM  fields  measurements  in 
I  the  frequency  range  0,1  MHz 
1  to  5  GHz 

I  Hazardous  EM  fields 
;  measurements  in  the 
I  frequency  range  0,1  MHz 
1  to  6  GHz 

|  Computer  modeling  for  the 
I  EM  fields  evaluation 

|  Antenna  and  antenna 
.  systems  design,  and 
1  parameters  measurements 

1  Antenna  measurements  for 
1  certification  and  technical 
1  approval 

|  Adaptive  antennas  design 
j  and  consulting,  high 
j  frequency  digital  signal 
1  processing  using  DSP 
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